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Abstract  
 
 
This thesis explores the hybrid and inorganic lead halide perovskite compounds 
methylammonium lead iodide (MAPI) and caesium lead iodide-bromide (CsPbI2Br) with 
regard to their synthesis, stability and use in thin film solar photovoltaic devices.  
MAPI thin films were prepared using two different approaches: the one-step and 
the two-step solution processes to determine which gives better films, in terms of 
physical-chemical properties, environmental stability and device performance. The best 
device efficiency obtained by devices prepared with MAPI (glass/ITO/TiO2/MAPI/spiro-
OMeTAD/Au) was of 11.8% PCE, however the device stability toward environmental 
conditions was poor, showing degradation effects in environments containing UV light 
combined with oxygen. In order to circumvent the instability issue, the fully inorganic 
CsPbI2Br compound was studied for direct comparison, as an alternative, more stable 
perovskite compound. Once the synthesis of CsPbI2Br thin films was optimised, devices 
were fabricated (glass/ITO/TiO2/CsPbI2Br/spiro-OMeTAD/Au) and measured, giving a 
champion device PCE of 9.1%. However, while the CsPbI2Br devices were found to 
present higher environmental stability compared to MAPI devices, they showed high 
susceptibility towards humid conditions. Unlike MAPI, however, the degradation of 
CsPbI2Br was caused by phase instability, rather than chemical degradation, which was 
demonstrated to be reversible. 
Most devices in this work were fabricated using a superstrate n-i-p device 
architecture commonly used for perovskite solar cells. In addition, a new device structure 
was created, with the aim of forming a heterojunction between MAPI and silicon. First 
the device structure was studied (contact/Si/MAPI/transporting material/contact) using 
both n- and p-doped silicon wafers, to determining the ideal Ohmic contacts, the nature 
of MAPI deposited onto silicon and by understanding the electrical behaviours of each 
interface. Solar cells of this type produced efficiencies up to 2.1% PCE. It was 
demonstrated that these Si/MAPI heterojunction devices form a single-sided junction in 
the silicon. Recommendations for improvement are given. 
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1. Introduction 
 
 
 
 
 
During the industrial revolution an increasing energy resources supply was needed 
to support the rapid economic growth, which lead to a more common use of coal and oil. 
Hence, during the 19th century, the so called Oil Age, refinement techniques and engines 
working with gasoline were developed.1 Since then, huge environmental impact derived 
from the fossil fuel consumption for energy production. Large changes to the environment 
have been recorded producing threats to the stability and safety of the environment in which 
we live. In particular the emission of carbon dioxide (CO2), a greenhouse gas, results in a 
rise of the temperature and hence climate change.2 The rapid consumption of the limited 
fossil fuel sources (due to the population growth) and the significant changes of the 
environmental conditions, which may be not reversible, demonstrate the urgent need of new, 
sustainable, clean energy resources.  
In 1997 a first important step was taken by 192 countries (EU included) who signed 
the Kyoto protocol,3 with the aim of reducing the greenhouse gases. Further progress 
followed with the adoption by 195 countries to the Paris agreement in 2015,4 which aims to 
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limit the global warming well below 2°C on average before the end of this century, reducing 
the impacts of climate change. In addition, the governments agreed to meet every 5 years to 
plan more ambitious targets. In 2016, 86% of the EU power installations were based on 
renewable technologies and in 2018 an even larger global investment in renewable power 
was observed in particular from China, Europe and United States.5 Although the use of 
renewable energies has shown its largest annual increase in 2018, these technologies are not 
advancing quickly enough to meet the world energy needs caused by a global economic 
growth.5 In addition, issues are still encountered in terms of energy system integration, 
political will and technology energy efficiency.5  
Nevertheless, renewable energy systems have grown rapidly in recent years, mainly 
due to the important cost reduction, in particular in the solar photovoltaic (PV) and wind 
power fields.6 PV has shown to be the most important contributing technology for the 
development of efficient renewable energy systems. Its main potential is given by the 
presence of a continuous and reliable solar irradiation: in 2010 it was estimated that the total 
annual solar irradiation potential amounts to 6000 times the global energy consumption per 
annum (~12,000 million tons of oil equivalent), which is of an order of magnitude greater 
compared to all non-renewable energy sources.7 Furthermore, PV manufacturing is scalable 
and PV itself may be used from portable or domestic applications to large solar parks, which 
require minimal maintenance and guarantee 90% of their efficiency over 25 years.8 There 
are numerous technologies for solar PV, however the most influential material in the market 
is silicon, accounting 95% of the total PV production in 2017.9 Silicon is generally used in 
both crystalline (c-Si) and multicrystalline (poly-Si) forms, however the crystalline wafers 
produce the highest efficiencies, achieving up to 26.1%.10,11 Although silicon is abundant in 
Earth’s crust (in the form of quartzite) it shows limitations, such as the expensive fabrication 
processes (in particular for purification) and physical-chemical issues (indirect band gap and 
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low absorption coefficient). Therefore, new technologies have emerged, including thin film 
technologies. Some of these have matched or exceeded silicon’s device performance but do 
not necessarily match silicon in terms of stability and warranty for such long periods (25 
years). The thin film technologies that have produced major interest, hence those that were 
used for module production and commercialisation, are the chalcogenides cadmium telluride 
(CdTe) and copper indium gallium (di)selenide (CIGS) compounds, which achieved high 
lab efficiencies, being 22.1% and 22.9% for CdTe and CIGS respectively.10,11 Fig. 1.1 shows 
the record efficiencies of the main PV technologies that have emerged and developed in the 
last 42 years. Among the emerging materials for PV technologies, perovskite materials have 
shown astonishing achievements from their first application in PV (2009):12 in less than ten 
years these materials have achieved a record certified efficiency of 23.3% (Fig. 1.1), 
achieving device performances that are very close of those accomplished by the CdTe and 
CIGS.13 Perovskite materials show low cost processes and exceptional physical-chemical 
properties: they have high absorption coefficients, direct and, very importantly, easily 
tunable band gaps.14,15 This specific property allows the creation of perovskite materials 
with a large range of band gaps which can be used for tandem solar cells applications,16 thus 
these materials are appealing for alternative photovoltaic technologies. However, perovskite 
materials present substantial issues, such as instability to environmental conditions, toxicity 
(as most of the perovskite materials for PV applications contain lead) and electrical 
hysteresis.17 Numerous research groups are focussing on solving these issues.18 In particular, 
the stability and hysteresis issues have shown great improvement by using multication 
mixed halide perovskite materials,19 and it was shown that lead may be replaced with tin for 
the production of environmental friendly materials, with fewer issues related to disposal 
and/or recycling processes.13 The main aim of the perovskite research community is 
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therefore to fulfil the “golden triangle” of the solar cell technology, this being cost, 
efficiency and stability properties for the fast commercialisation of the product.20  
As perovskite materials are the subject of this Thesis, more information is presented 
in the review in chapter 3, whereas chapter 2 introduces the reader to the main concepts of 
the basic theory of solar cells and chapter 4 describes the main techniques used for the 
synthesis and characterisation of perovskite thin films and solar cell devices. chapter 5 
presents studies on the main causes of degradation of methylammonium lead iodide (MAPI, 
the first perovskite material to be studied in PV), since, as mentioned above, perovskite 
materials showed high degradation rates and are not able to achieve commercial standards.21 
Furthermore, since the presence of organic compounds in MAPI’s crystal structure has 
shown to contribute to the material’s instability,22 the synthesis of a fully-inorganic 
perovskites, CsPbI2Br, was performed with the aim of synthesising a stable perovskite solar 
cell. The stability of this material and its devices were studied using the same experimental 
protocols as for MAPI, allowing a direct comparison of the underlying degradation 
processes to be made. This study is presented in chapter 6. Chapter 7 presents work 
performed on the fabrication of a new perovskite device architecture, not known in the 
literature. Recently, silicon was used in the fabrication of tandem solar cells with perovskite 
materials,23 however it is shown in this Thesis that it is possible to form a direct 
heterojunction between MAPI and silicon.  
Result chapters 5, 6 and 7 are followed by overall discussions and conclusions in 
chapters 8 and 9.
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Fig. 1.1. NREL efficiency chart (2018), showing the certified efficiencies achieved by the most important PV technologies. This plot is courtesy 
of the National Renewable Energy Laboratory, Golden, CO.11
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2.Physics of semiconductors and solar 
cells 
 
 
 
 
 
 
 
 
 
 
This chapter presents the main concepts of semiconductors, their junctions and the 
characteristics of solar cells with the emphasis being on the concepts most closely related to 
the work in this Thesis. However, the basic concepts of semiconductor physics and solar 
photovoltaic cells are the subject of book-length reviews to which the reader is referred for 
further information (ref.1–4).  
 
2.1. Fundamentals of semiconductor materials 
In a bulk solid the electron energy states form bands. The valence band is fully 
occupied by electrons. Above the Fermi level electron states are unoccupied (at 0K). In a 
semiconductor, above the Fermi level, there is a conduction band which may be considered 
to be either empty or else partially occupied by electrons which are free to move. In the case 
of metals, the valence and conduction bands overlap, hence electrons move freely and 
conduction is high. In the case of insulators there is a wide gap between the valence and 
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conduction bands, hence electrons cannot reach the conduction band by thermal promotion 
and hence conduction is low. In the case of semiconductors, the band gap between valence 
and conduction bands is in an intermediate range being from 0.5 – 4 eV,4 and hence 
conductivity may arise from thermal promotion (in the case of intrinsic semiconductors) or 
more importantly from doping.  
Semiconductors are classified according to their band gap, as direct and indirect 
semiconductors. This depends on the crystal momentum (k-vector) in the Brillouin zone: if 
the k-vectors of valence and conduction bands are similar the band gap is called “direct”, 
whereas if these are different the band gap is “indirect”. This is explained in the schematic 
shown in Fig. 2.1. The indirect band gap is disadvantageous for semiconductors in PV, since 
an electron needs both energy and momentum to favour the transition to the conduction 
band. This effect produces poor photon absorption of the semiconductor (since photons 
cannot carry crystal momentum) and hence indirect semiconductors require thick films to 
absorb enough light for the solar cell to work. For this reason, silicon for PV applications is 
thick (100 – 500 μm) whereas thin film technologies are usually less than 1 μm thick since 
they use direct semiconductor materials. 
 
Fig. 2.1. Schematic showing the difference in direct and indirect band gaps in 
semiconductors. 
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The conductivity of semiconductors may be changed by doping the material with 
impurities. According to the nature of the impurities, n-type doping (negative doping, when 
additional electrons are introduced) or p-type doping (positive doping, when impurities 
containing a reduced number of electrons are introduced) exist. While for intrinsic 
semiconductors the number of holes (p) and electrons (n) at thermal equilibrium is identical, 
in the case of n-doped semiconductors, the number of electrons at thermal equilibrium is 
approximately equal to the donor concentration (ND, cm
-3) and similarly for p-doped 
semiconductors, the number of holes is approximately equal to the acceptor concentration 
(NA, cm
-3). The doping levels influence the Fermi level position, by shifting this closer to 
the conduction band in the case of n-doped semiconductors and closer to the valence band 
in the case of p-doped semiconductors, with the shift being dependent to the doping 
concentration. 
 
2.1.1. p-n junctions 
A p-n junction comprises neighbouring semiconductors with different doping. The 
p-n junction may be classified as a homojunction and a heterojunction according to the 
semiconductors used. These are described in the following subsections. p-n junctions are 
used in numerous devices, such as diodes and solar cells, having the electrical symbol shown 
in Fig. 2.2. The arrow in the diagrams indicate that current flows from the anode to the 
cathode, but not in the opposite direction. 
 
Fig. 2.2. Schematic of electrical symbols for a) diode and b) photodiode. 
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 a) The homojunction 
The homojunction is formed when n-doped and p-doped regions are made of the 
same semiconductor, as shown in Fig. 2.3. The electron and hole concentration gradients in 
the two doped regions induce electrons to diffuse from the n-region to the p-region, and 
holes to diffuse from the p-region toward the n-region (Fig. 2.3, middle). A region depleted 
of free charge particles is formed, leaving behind the ionised impurities from which the 
electrons and holes come from, these being negative in the p-doped semiconductor and 
positive in the n-doped semiconductor. This field opposes the diffusion and is called the 
depletion region, characterised by a depletion width (W), which is given by Equation 2.1.  
𝑊 =  𝑤𝑛 + 𝑤𝑝 =  √
2𝜀𝑆
e
 (
𝑁𝐴+𝑁𝐷
𝑁𝐴𝑁𝐷
) 𝑉𝑏𝑖                                     (2.1) 
where: εS = permittivity of the semiconductor, e is the electron charge, NA and ND are the 
doping concentrations of the acceptor and donor respectively, and Vbi is the built in voltage. 
The depletion region creates an electric field, which is associated with an electron 
potential, called the built in voltage (Vbi), which acts as a barrier to prevent the displacement 
of electrons and holes. The electric field opposes the diffusion current until it reaches 
equilibrium (diffusion current equals the drift current), which determines the alignment of 
the Fermi level (Fig. 2.3, bottom). 
The Vbi is calculated by subtracting the work functions of the n-doped (Φn) and the 
p-doped regions (Φp). Its value however, may be increased or decreased by applying a 
reverse or a forward external voltage. A large Vbi prevents the electron/hole diffusion, hence 
it produces negligible current, whereas when the potential barrier is lowered the current 
increases.  
An alternative method for the calculation of Vbi is presented in Equation 2.2 and 
considers the carrier concentrations in equilibrium, rather than the work functions.  
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 𝑉𝑏𝑖 =  
kB𝑇
e
ln (
𝑁𝑎𝑁𝑑
𝑛𝑖
2 )                                                       (2.2) 
where: kB = Boltzmann’s constant, T is the temperature, and ni is the intrinsic carrier 
concentration.  
 
Fig. 2.3. Schematic of a p-n homojunction showing, from top to bottom (left side), p- and 
n-doped semiconductors after approach, holes and electron diffusion, formation of the 
depletion region with the electric field. The schematics are accompanied by the band 
diagrams of the homojunction (right side), showing the initial state where vacuum levels of 
p-doped (acceptor, A) and n-doped (donor, D) materials are aligned (top right), and the 
equilibrium state, where the Fermi levels are aligned (bottom right). Here, the built in 
potential of the depletion region is shown (qVbi), which intensity may vary by an applied 
external voltage. χ is the electron affinity, Φ is the work function, EF is the Fermi level, Eg 
is the band gap, EC is the conduction band and EV is the valence band.  
 
 
 b) The heterojunction 
A p-n junction may be formed by different semiconductor materials (i.e. different 
band gaps). Due to the difference of the band gaps, a discontinuity in the conduction between 
valence and conduction bands is established. Hence, the band alignment is dependent on the 
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differences in electron affinity and work function of these materials, and form potential steps 
that may act as barriers, that can lead to recombination sites in the junction. These barriers 
are strictly related to the difference in the electron affinities and work functions of the 
semiconductors involved in the junction and they may be described as “spikes” or “cliffs” 
in the band line-up, as shown in Fig. 2.4a.  
 
2.1.2. p-i-n junctions 
A variant of the p-n junction is the p-i-n junction which contains an intrinsic (i) or 
undoped material, sandwiched between the p- and the n-doped semiconductors.  
Compared to a p-n junction, the depletion region width is larger in the p-i-n junction. 
The intrinsic material may also act as the absorber material in a solar cell, where the photo-
generation of carriers occurs. These carriers ideally have long carrier diffusion lengths, as 
they must be transported through the doped materials to reach the contacts. The p- and n-
doped regions contribute to the solar cell functioning by forming the electric field required 
for the carrier diffusion.  
Also p-i-n junctions may comprise homojunction and heterojunctions. An example 
of homo- p-i-n junction is shown in the diagram in Fig. 2.4b. 
The p-i-n junction presents some disadvantages, such as: 
- The intrinsic “i” region has lower conductivity compared to the p- and n-regions, 
which may determine the series resistance in the device;  
- Recombination processes between electrons and holes may occur in the “i” 
region; 
- The presence of impurities in the “i” region may cause the electric field to break 
down. 
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Fig. 2.4. Schematic of a) p-n heterojunction and b) p-i-n junction (homojunction) showing, 
the isolated bands (top) and the bands in equilibrium (bottom). The alignment of the Fermi 
level in the p-n heterojunction (a) produces a cliff between the conduction bands and a spike 
between the valence bands of the two semiconductors.   
 
 
 
2.1.3. The Schottky junction 
Metal-semiconductor contacts may form Ohmic contacts (non-rectifying junction, 
having a linear current - voltage behaviour), or a Schottky junction. The type of junction that 
is formed depends on the work functions of the metal and the semiconductor considered. An 
example of a common Schottky junction is the one between p-CdTe and most metals, since 
the electron affinity of CdTe is very large (producing a large work function of ~5.9 eV) and 
greater compared to that of any metal.1 Hence, in the case of a p-semiconductor, a surface 
barrier (Schottky junction) is formed when Φmetal < Φp, and vice versa for n-doped 
semiconductors Φmetal > Φn, as shown in Fig. 2.5. 
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Fig. 2.5. Schematic of a Schottky junction formed between a) a p-doped semiconductor 
and a metal, and b) an n-doped semiconductor and a metal. The Schottky barriers are shown 
in red.  
 
2.2. Fundamental of solar cells 
2.2.1. Solar radiation 
The energy generated by the Sun’s nuclear fusion reactions, is emitted and reaches 
Earth with an intensity of 1353 W/m2 in free space. This is attenuated by absorption and 
scattering caused by the atmosphere and is dependent on the latitude considered on Earth. 
The evaluation of solar cell devices has been therefore standardised using the AM1.5 
irradiance spectrum, shown in Fig. 2.6, which corresponds to an irradiance of ~1000 W/m2 
(after atmosphere attenuation) with a tilt of 37° compared to the equator.  
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Fig. 2.6. Solar spectrum irradiance at Air Mass 1.5, plotted using the ASTM G137-03 
reference spectra.5 
 
 
The highest irradiance occurs in the visible range with a peak at ~500 nm, whereas 
at low wavelengths (< 300 nm) absorption is caused by oxygen, ozone and nitrogen and at 
high wavelengths in the infrared region, absorption is caused by water and carbon dioxide 
molecules. It is these absorptions that cause the attenuation of the radiation, and determine 
the ‘air mass’ (AM) factor. For this reason, outside the atmosphere the solar radiation is 
called AM0, which is used for space applications.    
 
 
2.2.2. The photovoltaic effect 
The photovoltaic effect is the phenomenon that converts light into electrical energy. 
A photon is absorbed by a medium and generates an electron/hole pair. It differs from the 
photoelectric effect in which an electron is ejected out of the material into the vacuum, 
whereas in the photovoltaic effect the electron is excited from the valence band to the 
conduction band of a semiconductors. The photon is absorbed in the material only if the 
photon energy hν ≥ Eg. Photo-excited electrons with hν > Eg, quickly relax to the conduction 
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band and lose their surplus energy by thermalisation. On the contrary, photons with hν < Eg 
are not absorbed and are therefore transmitted by the material.  
In a solar cell, after light absorption, the generated electron/hole pair must reach the 
depletion region in order to avoid recombination. Due to the presence of the electric field, 
these e-/h+ pairs are separated and drift: the electrons toward the n-part and the holes toward 
the p-part of the diode. By connecting the device to an external circuit, the electron flow will 
produce electric current.  
 
2.2.3. Current-Voltage I-V characteristics  
  a) Equivalent circuit of a solar cell 
The equivalent circuit of a single junction solar cell is shown in Fig. 2.7 and it 
considers an ideal (a) and a real solar cell model (b). Under dark conditions a p-n junction 
can be described using a single diode model, which current – voltage (I – V) response is 
given by the Shockley equation. The Shockley equation (Eq. 2.3) describes the density 
current (I/area = J) in an ideal diode. 
𝐽 =  𝐽0 (𝑒
e𝑉
𝑛kB𝑇 − 1)                                                         (2.3) 
where: J0 is the reverse saturation current, V is the voltage across the diode and n is the diode 
ideality factor, a parameter which indicates how close the diode follows the ideal diode 
equation. The ideality factor is strictly related to the quality of the solar cell material and the 
recombination processes, and has typical values between 1 and 2.  
In the case of a solar cell however, the diode is connected in parallel to a current 
source (light) and hence the J-V response is:  
𝐽 =  𝐽0 (𝑒
e𝑉
𝑛kB𝑇 − 1) − 𝐽𝐿                                                    (2.4) 
where: JL is the photocurrent.  
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Real solar cells however, are affected by both shunt (RSH) and series (RS) resistances 
(Fig. 2.7b), which must be taken into consideration in the J-V response. Hence, Equation 2.5 
should be considered:  
𝐽 =  𝐽0 (𝑒
e(𝑉−𝐴𝐽𝑅𝑆)
𝑛kB𝑇 − 1) − 𝐽𝐿 +
𝑉−𝐴𝐽𝑅𝑠
𝑅𝑆𝐻
                                             (2.5) 
where: A is the area of the solar cell and [(V-AJRS)/RSH] = JSH. The resistances act in series 
(RS) and in parallel (RSH) with the cell, as shown in Fig. 2.7b. 
 
Fig. 2.7. Equivalent circuit of a) an ideal cell and b) a real (non-ideal) solar cell. Both are 
formed by a diode (JD) and a current generator (JL), however the real solar cell contains 
parasitic series and shunt resistances (RS and RSH). 
 
 
  b) Solar cell parameters 
The main PV characterisation is performed by illuminated (AM1.5) J-V analysis, 
which provides a characteristic curve (J-V curve) from which the short circuit current (JSC), 
open circuit voltage (VOC), and the fill factor (FF) are extracted. These values are important 
as from these it is possible to measure the power conversion efficiency (PCE or η) of the 
solar cell. 
A typical J-V curve is shown in Fig. 2.8, which shows the main parameters of a solar 
cell measured in the dark and under illumination. The main parameters for the illuminated 
J-V curve are described as follows:  
- JSC is the current density flowing in the external circuit when the voltage is zero 
(short circuited solar cell). In an ideal solar cell JSC = JL; 
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- VOC is the open circuit voltage and it corresponds to the maximum voltage 
available for the solar cell, at which no current can flow (J = 0). The VOC is 
expressed as follows: 
𝑉𝑂𝐶 =  
kB𝑇𝑛
e
ln (
𝐽𝐿
𝐽0
+ 1)                                                 (2.6) 
- MPP is the maximum power point, and it corresponds to the maximum power 
output of the device (Pm = JMPP·VMPP); 
- FF is the fill factor. This parameter defines the ‘squareness’ of the J-V curve and 
corresponds to the ratio of the maximum power density (Pm at MPP) and the 
VOC·JSC product, as shown in Eq. 2.7. Typical FF values range between 40% and 
80%. 
𝐹𝐹 =
𝐽𝑀𝑃𝑃𝑉𝑀𝑃𝑃
𝐽𝑆𝐶𝑉𝑂𝐶
                                                     (2.7) 
- PCE is the power conversion efficiency and it is defined as the ratio of the 
generated power and the input power (Pin at AM1.5 = 1000 W/m
2) and it is 
therefore calculated as follows: 
𝑃𝐶𝐸 (%) =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛
∙ 100 =
𝐽𝑆𝐶𝑉𝑂𝐶𝐹𝐹
𝑃𝑖𝑛
∙ 100 =
𝐽𝑀𝑃𝑃𝑉𝑀𝑀𝑃
𝑃𝑖𝑛
∙ 100                     (2.8) 
 
Fig. 2.8. Example of a J-V curve of a solar cell device under dark and light conditions.  
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  c) Shockley-Queisser limit  
The maximum theoretical efficiency of a single-junction solar cell is determined by 
the Shockley-Queisser limit and is a function of the band gap and the incident spectrum.6 
Since the incident spectrum is standardised (AM1.5), the efficiency (η) is determined only 
by the Eg, as shown in Fig. 2.9. Lower values of the efficiency are produced with small and 
large band gaps, since small Eg produce devices having small working voltages, whereas 
large Eg produce small photocurrents. On the contrary, a maximum efficiency of 33.7% is 
achieved by materials having Eg of ~1.4 eV. The main energy loss mechanism in solar 
devices is thermalisation (absorption for hν ≥ Eg).  
 
Fig. 2.9. Shockley-Queisser limit for a single junction solar cell at AM1.5. Graph re-drawn 
from ref.7  
 
 
  d) Losses in solar cell devices 
The efficiency of solar cell device may be negatively influenced by energy losses. 
The main reasons for these losses are described below.  
 
i) Optical losses 
A solar cell comprises numerous layers, some of which can contribute to parasitic 
photon absorption or absorption that does not contribute in the formation of the electron/hole 
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pair. Hence during the fabrication of solar cells, it is important to evaluate the absorbance 
of the front-layers. An example may be the parasitic absorption of transparent conductive 
oxide (TCO) materials.  
In addition, reflection may contribute in optical losses. In modern silicon solar cells 
this effect is avoided using anti-reflective coatings. 
 
ii) Resistive losses (shunt and series resistance) 
Section 2.2.3.a, showed that the Shockley equation in real solar cells is influenced 
by shunt (RSH) and series (RS) resistances, as these allow power dissipation. Their effect on 
the shapes of the J-V curves, is shown in Fig. 2.10. The series resistance is commonly 
associated with thick absorbing layers, low doping levels and low conductivity of the front 
transparent contact, whereas the shunt resistance may occur in case of layers with pin-holes 
and weak diode regions.  
The resistances values may be determined by measuring the inverse of the slope close 
to the VOC and JSC for RS and RSH respectively. In order to have the smallest influence on the 
solar cell, RS should approach 0, whereas RSH should tend toward infinity.   
 
Fig. 2.10. J-V curves showing the effect of series (a) and shunt (b) resistances on the curve.  
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iii) Recombination losses  
Electron/hole pair generated by photon absorption, may be subjected to 
recombination in the bulk, on the surface or in the depletion region. Recombination losses 
affect both JSC and VOC and are caused by native defects, impurities, or dangling bonds. 
Bulk recombination effects may occur in three different ways: radiative, non-
radiative and Auger recombination. Fig. 2.11 shows these mechanisms which are briefly 
explained as follows.  
- Radiative recombination is a relaxation phenomenon where an electron recombines 
with a hole, releasing a photon. This photon has similar energy to the band gap, hence 
it is weakly absorbed by the material, and thus the radiation is emitted. Radiative 
recombination is suppressed in indirect semiconductors because it would require 
momentum k (see section 2.1). 
- Non-radiative recombination occurs through defects with energy states within the band 
gap. Free carriers may be trapped by such energy states and either be released by thermal 
activation, or the trap may host both an electron and a hole which recombine. 
- Auger recombination involves three carriers, in which an electron and a hole recombine 
releasing energy. This energy, rather than being emitted as a photon, is released by 
exciting an electron. This electron thermalises back to the edge of the conduction band. 
Since Auger recombination conserves both momentum and energy, this type or 
recombination can occur in indirect semiconductors.  
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Fig. 2.11. Electron/hole recombination mechanisms. 
 
iv) Metal-semiconductor interface losses 
While for Ohmic contacts electrons and holes are free to move in and out of a 
semiconductor with minimal energy losses, in Schottky junctions (rectifying contacts) the 
potential barrier causes a reduction in the carrier flow. Since in a solar cell the Schottky 
junction behaves similarly to a second diode, a ‘roll-over’ at forward bias may be recorded 
in a J-V curve (Fig. 2.12), which may affect the VOC of the solar cell.  
 
Fig. 2.12. ‘Roll-over’ effect caused by a back contact junction diode. 
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2.2.4. External quantum efficiency 
External quantum efficiency (EQE) is defined as the ratio of the photogenerated 
charge carriers that are collected by the solar cell, to the number of incident photons, as 
shown in Equation 2.9.  
𝐸𝑄𝐸 =
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠/𝑠𝑒𝑐
𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑠𝑒𝑐
                                                       (2.9) 
 
If all photons are absorbed and generate charge carriers that are collected in the 
circuit, the EQE is 100%. Unfortunately this ideal case is rare, as carrier recombination and 
optical losses (caused for example by glass or window layers) play an important role in 
reducing the solar cell quantum efficiency. The measurement is usually made as a function 
of wavelength using a monochromated beam. Devices are illuminated by a light beam at 
different wavelengths, and the current produced by the solar cell at each wavelength is 
measured. 
The EQE analysis may be used to support the J-V analysis, since by measuring the 
area underneath the EQE curve the JSC may be determined.  
 
2.2.5. Capacitance-voltage C-V characteristics 
Capacitance - voltage (C-V) measurement is used for the characterisation of p-n 
junctions and Shottky barriers or, in general, semiconductor materials forming a depletion 
region. The depletion region is commonly compared to a capacitor sandwiched between two 
semiconductors, having a capacitance of:  
𝐶 =  
𝑑𝑄
𝑑𝑉
                                                              (2.10) 
where:  
𝑄 = 𝑊𝐴e𝑁 = 𝐴√2e𝜀𝑟𝜀0𝑁(𝑉𝑏𝑖 − 𝑉)                                    (2.11) 
where: Q is the total charge, W is the width of the depletion region, A is the contact area, e 
is the electron charge, N is the carrier concentration, εr is the dielectric constant of the 
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semiconductor/s involved in the junction, ε0 is the permittivity in free space, Vbi is the built 
in voltage and V is voltage. The total depletion width is calculated as the sum of the widths 
in both semiconductors involved in the junction (w1 and w2), as shown in Eq. 2.12:  
𝑊 =  𝑤1 + 𝑤2                                                       (2.12) 
By applying a voltage it is possible to vary the depletion width, which provides 
information about electrical properties, such as carrier concentration (N) and the built in 
voltage (Vbi). In order to determine N and Vbi it is first necessary to determine the Mott 
Schottky plot, a graph showing 1/C2 versus voltage. However, at this point it is important to 
know if the junction is one-sided or two-sided in order to avoid misinterpretation of the C-
V results.   
 a) The one-sided junction 
Typically a junction is considered one-sided when the doping concentration of one 
of the two semiconductors is greater of at least two orders of magnitude compared to the 
other. Since the depletion region is positioned in the semiconductor with less carriers, Vbi 
and N are calculated solely in this semiconductor. 
In the case of a one-sided abrupt junction, the most common case in PV devices, the 
determination of the depletion region properties is simplified, since this is buried inside one 
of the two semiconductors involved in the junction. Hence, the capacitance is calculated as: 
𝐶 =
𝜀𝑟𝜀0𝐴
𝑊
                                                          (2.13) 
where: C is capacitance, εr is the dielectric constant of the semiconductor containing the 
depletion region, ε0 is the permittivity in free space, A is the contact area and W is the width 
of the depletion region, which for a one-sided junction is W = w1. Hence, the W calculation 
is derived from Eq. 2.13: 
𝑊 =
𝜀𝑟𝜀0𝐴
𝐶
                                                            (2.14) 
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From the C-V plot, the Mott-Shottky plot is calculated and the 1/C2 equation is obtained 
from Eq. 2.10 and 2.11, through Eq. 2.15: 
𝐶 =
𝑑𝑄
𝑑(𝑉𝑏𝑖−𝑉)
=  
𝐴
2
√
2e𝜀𝑟𝜀0𝑁
(𝑉𝑏𝑖−𝑉)
                                              (2.15) 
1
𝐶2
=
2(𝑉𝑏𝑖−𝑉)
𝐴2e𝜀𝑟𝜀0𝑁
                                                         (2.16) 
1
𝐶2
=
2 𝑉𝑏𝑖
𝐴2e𝜀𝑟𝜀0𝑁
−
2 𝑉
𝐴2e𝜀𝑟𝜀0𝑁
                                                (2.17) 
where: N is the carrier concentration of the semiconductor containing the depletion region, 
hence either NA or ND.   
From the fitting in the Mott-Shottky plot (having formula y = mx + b, where y = 1/C2 
and x = V), the Vbi may be determined by the intercept (x):  
𝑉𝑏𝑖 = −
𝑏
𝑚
+ (
𝑇kB
e
)                                                  (2.18) 
where: T is temperature, kB is Boltzmann’s constant and the slope (‘m’) is determined as: 
𝑚 = −
2
𝐴2e𝜀𝑟𝜀0𝑁
                                                       (2.19) 
from which the carrier concentration is derived: 
𝑁 =
2
𝑚 𝐴2e𝜀𝑟𝜀0
                                                        (2.20) 
 
 b) The two-sided junction 
When the carrier concentration of the two media is similar (less than two orders of 
magnitude difference), the junction is positioned between the two semiconductors, forming 
a two-sided junction.  
In the case of the two-sided junction the total dielectric constant of the junction must 
be calculated, as shown in the following Equations (2.21 – 2.27):  
1
𝐶
=  
1
𝐶1
+
1
𝐶2
                                                             (2.21) 
𝐶 =  
𝐶1𝐶2
𝐶1+𝐶2
                                                               (2.22) 
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For simplicity it is assumed that the junction is positioned half in one semiconductor 
and half in the second semiconductor. Hence, the capacitance for each side is described as: 
𝐶1 =  
𝜀𝑟1𝜀0𝐴
𝜔/2
    and   𝐶2 =  
𝜀𝑟2𝜀0𝐴
𝜔/2
                                             (2.23) 
where: εr1 = dielectric constant of one semiconductor, εr2 = dielectric constant of second 
semiconductor. Hence, by replacing Eq. 2.23 in Eq. 2.22: 
𝐶 =  
𝜀𝑟1𝜀0𝐴
𝜔/2
 
𝜀𝑟2𝜀0𝐴
𝜔/2
𝜀𝑟1𝜀0𝐴
𝜔/2
+
𝜀𝑟2𝜀0𝐴
𝜔/2
                                                          (2.24) 
Eq. 2.24 may be simplified to: 
𝐶 =  
2𝜀𝑟1𝜀𝑟2𝜀0
 (𝜀𝑟1+𝜀𝑟2)
 
𝐴
𝜔
                                                         (2.25) 
𝐶 =  𝜀 
𝐴
𝜔
                                                             (2.26) 
Where: 
𝜀 =  
2𝜀𝑟1𝜀𝑟2𝜀0
 (𝜀𝑟1+𝜀𝑟2)
                                                          (2.27) 
 
The depletion width in equilibrium is calculated as:  
𝑊 = √
2𝜀𝑉𝑏𝑖
e
 
𝑁𝑎+𝑁𝑑
𝑁𝑎𝑁𝑑
                                                     (2.28) 
which, under applied bias is: 
𝑊 = √
2𝜀(𝑉𝑏𝑖−𝑉)
e
 
𝑁𝑎+𝑁𝑑
𝑁𝑎𝑁𝑑
                                                  (2.29) 
Since the total charge, Q is described as follows:  
𝑄 = 𝑊e𝐴 
𝑁𝑎+𝑁𝑑
𝑁𝑎𝑁𝑑
= 𝐴√2e𝜀 (𝑉𝑏𝑖 − 𝑉) 
𝑁𝑎𝑁𝑑
𝑁𝑎+𝑁𝑑
                                (2.30) 
the capacitance is derived as:  
𝐶 =
𝑑𝑄
𝑑(𝑉𝑏𝑖−𝑉)
=  
𝐴
2
√
2e𝜀
(𝑉𝑏𝑖−𝑉)
𝑁𝑎𝑁𝑑
𝑁𝑎+𝑁𝑑
                                        (2.31) 
At this point the carrier concentration of the acceptor or of the donor may be 
determined from the Mott-Shottky plot. This is only possible if the carrier concentration of 
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one material is known, from which it is possible to extract the carrier concentration of the 
second material involved in the junction.  
For example, for the determination of NA (but the equivalent applies for ND): 
𝐶2 =  
𝐴2
4
2e𝜀
(𝑉𝑏𝑖−𝑉)
𝑁𝑎𝑁𝑑
𝑁𝑎+𝑁𝑑
                                              (2.32) 
1
𝐶2
=  
4 𝑉𝑏𝑖
𝐴22e𝜀
𝑁𝑎+𝑁𝑑
𝑁𝑎𝑁𝑑
−  
4 𝑉
𝐴22e𝜀
𝑁𝑎+𝑁𝑑
𝑁𝑎𝑁𝑑
                                    (2.33) 
by knowing “b” from the fitting in the Mott-Shottky plot (having formula y = mx + b), NA 
may be determined as follows: 
𝑏 =  
4 𝑉𝑏𝑖
𝐴22e𝜀
𝑁𝑎+𝑁𝑑
𝑁𝑎𝑁𝑑
                                                       (2.34) 
𝑏 𝑁𝑎 =  
4 𝑉𝑏𝑖
𝐴22e𝜀
𝑁𝑎+𝑁𝑑
𝑁𝑑
                                                   (2.35) 
Solving Eq. 2.35, NA yields: 
𝑁𝑎 =  
4 𝑉𝑏𝑖𝑁𝑑
 𝑏𝐴22e𝜀𝑁𝑑−4 𝑉𝑏𝑖
                                               (2.36) 
The carrier concentration unit is cm-3.  
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3. Perovskite materials and solar cell     
devices – Literature review  
 
 
 
 
 
  
 
 
 
Perovskite materials have been demonstrated to have multiple applications in the 
literature, for instance in the production of lasers, light emitting diodes, in catalysis and 
photocatalysis.1–3 However, this thesis will focus on their use in photovoltaic applications 
and in particular on those materials inspired by the hybrid organic-inorganic perovskite 
class, that have shown exceptional PV performance. 
 
3.1. Rate of publications on perovskite materials and solar 
cells 
 
Starting from the early stages of the twentieth century, perovskite materials have 
attracted a considerably interest in the scientific community. A graph presenting the number 
of publications on the topic between 1900 and 2017 is shown in Fig. 3.1a (data acquired 
from Web of science Core Collection).4 The graph shows that literature about perovskite 
materials started to be published at the beginning of the twentieth century (1911) but began 
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to produce wider interest in the scientific community around 1990. However, since it was 
demonstrated that perovskite materials may be used for solar cell applications in 2009,5 an 
abrupt increment of the publications was recorded year after year, as shown in Fig. 3.1b. 
The total number of publications in the years 1990 – 2017 is 65,752 for the material research 
and 9,285 for the material used solely in solar cell applications, and further increment is 
expected in 2018. 
It is therefore understandable that a full literature review on perovskite materials 
cannot be reported in this work, and hence only the fundamental topics that are relevant for 
this thesis are presented.  
 
Fig. 3.1. Number of publications about perovskite materials (black) and perovskite solar 
cells (red) published from 1900 (a) and between 2009 and 2017 (b). Source: Web of science 
Core Collection.4  
 
 
3.2. Perovskite materials 
Perovskites are a family of materials which adopt the same crystal structure as the 
mineral CaTiO3
 perovskite, a compound that was discovered by Gustav Rose in the Ural 
Mountains of Russia in 1839 who named it after L. A. Perovski (1792 – 1856), a Russian 
mineralogist.6  
All perovskite materials have in common the general formula ABX3, where A is a 
large cation (which can be an atom or a molecule), B is a smaller cation and X is the anion, 
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typically oxygen or a halide, and they adopt the structure shown in Fig. 3.2a. Perovskites are 
generally classified as metal oxide perovskites (ABO3) and halide perovskites (ABX3). 
Halide perovskites (X = F, Cl, Br, I) are used for solar cell applications, and can be further 
sub-divided as alkali halide perovskites and organo-metal halide perovskites. Both types will 
be examined in this thesis, in particular CsPbI2Br and methylammonium lead iodide 
(CH3NH3PbI3 or MAPI). 
Alkali halide perovskites were synthesised for the first time in 1893,7 however they 
were classified as perovskite materials only in 1958 by Christian Møller,8 who studied the 
crystal structure of CsPbX3 (X = Cl, Br or I) compounds and found that they were 
photoconductive. Later, in 1978 Dieter Weber synthesised the first organic-inorganic 
perovskite by replacing the caesium with methylammonium (CH3NH3
+) and forming 
MAPI,9 which was the first and most studied perovskite material used in solar cell 
applications.10  
Perovskite materials have a cubic structure (space group Pm3m),11 formed by 
cuboctahedral inorganic [BX6]
4- cages which are connected in a 3D framework through 
corner-sharing. These cages contain the A+ cation at their centre. A representation of the unit 
cell is shown in Fig. 3.2a, whereas the unit cell projection is shown in Fig. 3.2b. The cubic 
structure can tilt forming an orthorhombic or tetragonal perovskite structure, according to 
the temperature and/or pressure,11,12 until the structure is too unstable and collapses, 
becoming an amorphous material.13 Conventionally the cubic structure is called the α-phase 
and the non-perovskite-like structure is the δ-phase.13,14  
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Fig. 3.2. ABX3 perovskite cubic structure (example: A = CH3NH3
+/Cs+, B = Pb2+/Sn2+, X = 
I-/Br-/Cl-). a) Representation of the unit cell and b) the unit cell projection.  
 
The stability and distortion of the perovskite materials is governed by the atomic 
radii of A, B and X. In 1926, V. M. Goldschmidt described a parameter to determine the 
stability of preparing perovskite compounds known as Goldschmidt’s tolerance factor.15 
This method was initially used for oxide perovskites, but it has been shown to be suitable 
also for organic-inorganic and alkali halide perovskite compounds.13 The tolerance factor is 
defined as:     
𝑡 =  
𝑟𝐴+ 𝑟𝐵
√2 (𝑟𝐵+𝑟𝑋)
                                                (3.1) 
where: t = tolerance factor and r = radius of the constituents A, B and X.  
Tolerance factors in the range of 0.71 – 1 indicate that the perovskite structure may 
be formed.13,16 In addition, by analysing the values of t, it is possible to identify the phase 
that is formed: this relationship is described in Table 3.1. 
While it is established that perovskite structures are formed for 0.71 < t < 1, some 
research in the literature disagrees in the threshold between orthorhombic and cubic phases, 
this being 0.9 (instead of 0.8).17   
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t Phase Notes 
< 0.71 Non-perovskite A and B have similar radii 
0.71 – 0.8 Orthorhombic or rhombohedral A is too small 
0.8 - 1 Cubic A and B have ideal size 
> 1 Hexagonal, tetragonal or single chained A is too big or B is too small 
Table 3.1. Goldschmidt tolerance factor values determining the perovskite structure.13,16  
 
3.3. Origin and evolution of perovskite solar cells 
 
Perovskite materials were used for the first time as semiconductors in dye 
sensitised solar cells (DSSC) by Myasaka’s group in 2009, using a TiO2 electrode (anode) 
and an FTO/glass counter electrode (cathode), obtaining 3.8% efficient devices with 
CH3NH3PbI3 and 3.1% with CH3NH3PbBr3.
5 In 2011 Park and co-workers produced a 
6.5% efficient quantum-dot-sensitised solar cell, by spin-coating an equimolar solution 
of PbI2 and CH3NH3I in γ-butyrolactone onto nanocrystalline TiO2 (electron transporting 
material, ETM).18 An example of these device structures is shown in Fig. 3.3a. However, 
all these devices showed great instability. 
In 2012, Grätzel and Park’s groups, and shortly after Miyasaka and co-workers in 
collaboration with Snaith’s group, fabricated perovskite solar cells using a TiO2 
mesoporous layer (mp-TiO2) and replaced the liquid electrolyte of the DSSC with a 
compact layer made with spiro-OMeTAD (hole transporting material, HTM, 2,2',7,7'-
Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene), which radically improved 
the stability of the solar cells. With this configuration (Fig. 3.3b) the efficiency exceeded 
9%.19,20 In addition, Miyasaka and Snaith’s groups showed that by replacing the 
mesoporous TiO2 with an Al2O3 scaffold formed on a compact TiO2 layer (c-TiO2), the 
device efficiency further improved reaching 10.9% PCE.20 By using the insulating Al2O3 
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scaffold, a higher VOC was achieved compared to the titania scaffold devices, which 
implied that the perovskite is able to transport both holes and electrons and does not need 
an adjacent electron transporting material, revealing that perovskites were more than 
normal sensitisers.20 This discovery was an important turning point, as from that moment 
the mesoporous titania scaffold onto a compact-electron transporting materials, or only 
the planar (scaffold-free) compact layers, were covered with a thicker perovskite layer 
(200 – 400 nm). Examples are shown in Fig. 3.3c and d respectively. These last two 
configurations were the most used for the development of perovskite solar cells.  
 
Fig. 3.3. Evolution of MAPI device structure. a) DSSC using a perovskite-dye in liquid 
electrolyte. b) Perovskite thin layer covering the mesoporous scaffold layer and using a 
solid state hole conductor. c) Perovskite infiltrated into the mesoporous scaffold. d) 
Perovskite thin film deposited on compact titania (planar device).  
 
 
In only a few years the device efficiency improved greatly, not only due to an 
improvement in the device architecture but also due to altering the composition of the 
perovskite material. In particular, by using perovskite material composed of 
formamidinium with multiple cations and mixed halide anions, in 2017 W. S. Yang et al. 
achieved a PCE of 22.1% - the highest performing device fabricated up to now.21 
Nevertheless, the scientific community seems to be confident that perovskite solar cells 
will exceed 22% PCE shortly.22  
The rapid evolution of champion efficiencies achieved by perovskite solar cells is 
shown in Fig. 3.4. It can be observed that in only 8 years these devices have shown an 
improvement of the PCE of 18.3 percentage points.  
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Fig. 3.4. Record perovskite solar cell efficiencies in the year gap 2009 – 2018, the 
numbers in brackets give information about the highest PCE % achieved. These are listed: 
(1) 3.8%,5 (2) 6.5%,18 (3) 10.9%,20 (4) 15.4%,23 (5) 20.1%,24 (6) 21%,25 and (7) 
22.1%.21,24  
 
In addition, in the last few years tandem solar cells were fabricated using 
perovskite solar cells. Perovskite-perovskite tandems, using compounds with 
significantly different bandgaps, achieved up to 18.5% PCE with a 2-terminal 
configuration26 and 20.3% with a 4-terminal configuration,27 whereas silicon-rubidium 
multication perovskite tandems have achieved up to 26.4% PCE in 2017.28  
 
3.3.1. MAPI perovskites  
Generally speaking, perovskite materials have produced interest in the scientific 
community due to their low temperature and therefore low cost, facile deposition processes. 
MAPI was the first perovskite used in solar cell applications and since it showed very 
promising results, it was widely studied in recent years. Therefore, the main properties can 
be easily found in the literature and are described next. 
MAPI presents a direct band gap (1.55 – 1.6 eV)10,29 with high absorption coefficient 
(104 – 105 cm-1)30 and good light absorption in the whole visible spectrum, which makes it 
very suitable as absorber material for PV applications. Furthermore it presents weak exciton 
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binding energy (~16 meV at room temperature,31,32 dissociating rapidly into e- and h+) with 
charges showing moderate mobility (10 cm2 V-1s-1 for solution processed MAPI)33 and high 
carrier diffusion lengths (up to 175 μm for single crystals in full sunlight  and in the range 
of 100 – 1000 nm in thin films)10,34,35 suggesting that the recombination times are very high 
(hundreds of nanoseconds).33,36 These characteristics allow planar and efficient device 
configurations for thin film PV technologies with high VOC values (up to 1.23 V),
22,37 
however they may greatly vary according to the fabrication processes of the films.  
MAPI shows a pseudocubic crystal structure due to the asymmetric 
methylammonium cation, but nevertheless in the literature it is still considered as cubic due 
to dynamic disorder.38 However, the cubic structure is not stable at room temperature. X-ray 
diffraction analysis performed during cooling revealed that MAPI undergoes a phase change 
at ~54°C from cubic to tetragonal structure and by further decreasing the temperature the 
tetragonal structure converts into an orthorhombic structure at ~-110°C.39,40 Table 3.2 
summarises the phase transition temperatures for MAPI, with the room temperature phase 
being tetragonal.  
 
MAPI phase Crystal system Space group Temperature (°C) 
α Cubic Pm3m >54.25 
β Tetragonal I4/mcm -110.95 – 54.25 
γ Orthorhombic Pna21 <-110.95 
Table 3.2. MAPI phases and temperature of transition.11  
 
 
While very much is known about the crystal structure of MAPI, the doping properties 
show conflicting results in the literature since some research groups have shown p-doping 
features41 and some others have shown n-doping properties.42 However, Wang et al. 
suggested that the doping level of the material is strictly related to the preparation 
processes.43 In particular, depending on the excess of MAI or PbI2 precursor reagents, MAPI 
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could become p-type on n-type respectively.43–45 For the same reason, stoichiometric MAPI 
was suggested to be intrinsic.44 However, theoretical calculations showed that the intrinsic 
doping may be influenced by the presence of iodine vacancies, which are the defects that 
form more spontaneously, compared to other defects.44 The defect chemistry of MAPI was 
studied by many research groups worldwide, but it showed great complexity due to the 
presence of overlapping factors, such as ionic point defects, and delocalised and localised 
charges. However, despite the low defect formation energy, it was measured that the intrinsic 
carrier concentration is low, this being in the region of 109 - 1014 cm-3.44,46 The main analysis 
performed in order to determine the carrier concentration was the Hall effect measurement 
which was difficult to implement, perhaps explaining the large range of carrier 
concentrations determined in the literature.   
An interesting feature of MAPI is its easy band gap tunability. Initially most changes 
were effected by mixing the iodine with other halides (bromine and chlorine in 
particular),47,48 then by mixing or swapping lead with tin (mainly for toxicity issues),49,50 
and finally by using different organic compounds (formamidinium) or inorganic atoms 
(caesium and/or rubidium).51,52 In this way it is possible to tune the band gap from 1.2 to 2.3 
eV.53,54 These compositional changes produced improvements of both device efficiency and 
stability of the material. Furthermore, the band gaps obtained make the materials useful for 
the fabrication of tandem solar cells. 
Nevertheless, MAPI also has some disadvantageous properties for solar cell 
applications, and for this reason their commercialisation has not yet been realised. In 
particular, the main issues with MAPI (and also other organic-inorganic perovskites) are 
related to material stability and hysteresis in the J-V analysis. These two important aspects 
are addressed next. Particular focus was given to the stability of MAPI, as this aspect is 
important for the understanding of the results chapters 5 and 6.  
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  a) Stability issue in MAPI perovskites 
In the literature the stability of perovskite solar cells has been investigated by 
evaluating the changes in performance with time and the subsequent effects of degradation 
of the material. In service evaluation monitors the degradation of the perovskite device 
continuously during the measurement. As perovskite devices are currently moving toward 
commercialisation, the environmental stability of perovskite materials and devices will need 
to be tested by monitoring the J-V parameters as a function of time under extreme conditions 
of continuous light, humidity (85% relative humidity or RH) and over large temperature 
ranges (-40°C to 85°C), as devices need to meet the IEC 61646 testing standards for thin-
film terrestrial photovoltaic modules.55,56 These specifications need to be followed in order 
to guarantee stability of the commercial product for 20 - 25 years, retaining 80% of the initial 
performances after this amount of time (≤ 1% PCE/year).57 In addition, post-degradation 
deconstructive analysis is performed on deliberately degraded devices.58  
Stability of perovskite solar cells can also be categorised into intrinsic and extrinsic 
stability. The intrinsic stability relates solely to the stability of the perovskite material that 
can undergo structural changes due to UV, oxygen, humidity, temperature or electric bias 
exposure. In turn the intrinsic stability can be further classified by considering two main 
factors: the chemical stability, considering reacting species such as water and oxygen and 
organic solvents, and the structural stability, which considers the ability of the crystal to be 
stable at certain temperatures, pressures etc. On the contrary, the extrinsic stability is referred 
to the conditions independent from the perovskite material that affect the solar cell. For 
example, researchers have recently shown that the stability of perovskite solar cell devices 
is also strictly related to the choice of front and back contacts, as they may migrate into the 
perovskite layers,59,60 and the type of electron and hole transporting materials used,61 as they 
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may cause interfacial degradation with the perovskite62–65 or show intrinsic degradation.58,66–
68 Other examples can be related to the choice of the encapsulation material and its sealing.58  
Researchers have shown that there are ways to produce perovskite materials with 
higher intrinsic stability, for example by mixing CH3NH3PbI3 with different cations or 
anions58 (such as formamidinium, as organic cation),69 using tin as inorganic cation and 
mixed halide anions (I-, Br- and Cl-).70,71 With particular regard to the halides, it was shown 
that the use of iodine as the halide (X) anion in the perovskite structure decreases the stability 
of the perovskite compounds and by completely exchanging iodine with bromine an 
improvement of the structural stability is achieved.71,72 The reason for this may be related to 
the formation of better, more uniform crystallites, reduction of the grain boundary surface 
area, which also determine an increased efficiency. Conversely, the mixed halide 
compounds containing both iodine and bromine, show segregation of iodide and bromide 
domains when the material is exposed to light soaking, thus leading to recombination and 
limited voltages in the devices.73 In general, using different cations or anions produces a 
change in the Goldschmidt tolerance factor15 that leads to lattice distortion. This may be 
beneficial or disadvantageous for the perovskite crystal structure stabilisation. Furthermore, 
it has been shown that since perovskite materials contain CH3NH3
+, Pb2
+ and I- vacancies at 
room temperature, they may all contribute to pathways for ion transportation, leading to 
degradation, and hence influencing the long-term stability of these materials.46,74 
Apart from the perovskite instability towards some solvents,75 which lead to 
numerous issues regarding the choice of hole or electron transporting materials and their 
deposition methods, the other main aspects of the perovskite’s degradation are discussed in 
the following subsections. However, it should be considered that for any type of degradation, 
there is an important equilibrium between MAPI and its salts, i.e.:  
PbI2 (s) + CH3NH3I (aq) ↔ CH3NH3PbI3 (s)                             (3.2) 
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As shown by the double directional arrow, the chemical reaction is reversible and 
therefore it can synthesise or decompose CH3NH3PbI3. Similar reactions occur for 
perovskites composed of different or mixed halides.76  
Organic-inorganic perovskite instability towards ambient conditions was observed 
at very early stages, however the rapid progress in the increasing device efficiency induced 
researchers to focus mainly on the improvement of the solar cell performances.77,78 In 2014, 
Grätzel stated that only few works about the perovskite stability were published and new 
studies were urgently required, to understand if the perovskite materials could have met the 
international norms essential for future commercialisation.10 Later in the same year, M. A. 
Green, A. Ho-Baillie and H. J. Snaith commented for the first time on the intrinsic instability 
of perovskite materials, showing that methylammonium lead iodide undergoes degradation 
in a short time when exposed to moisture and ultraviolet radiation,71 this being highly 
undesirable for photovoltaic applications. However, the exact conditions or mechanism of 
the degradation were not known but, as predicted by M. D. McGehee in 2014,79 numerous 
studies about the stability of CH3NH3PbI3 and similar perovskites were ultimately initiated 
and published in the last few years. These showed insight into the roles of moisture and UV 
light combined to oxygen in the degradation processes. 
 
i) Stability to moisture  
As presented in literature, organic-inorganic perovskite materials have shown 
extreme receptivity towards water, even in the form of water vapour. In particular, it was 
seen that the higher the humidity level, the faster the degradation,80 especially for MAPI. 
In 2014 and 2015 G. Niu et al. proposed that the chemical stability of MAPI materials 
is irreversibly compromised by moisture and oxygen.76,81 In particular, water induces the 
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hydrolysation of the perovskite (3.3) caused by the negative Gibbs free energy, producing a 
cascade of reactions that are described as follows:  
CH3NH3PbI3 (s) ↔ PbI2 (s) + CH3NH3I (aq)                                 (3.3) 
CH3NH3I (aq) ↔ CH3NH2 (aq) + HI (aq)                                   (3.4) 
4HI (aq) + O2 (g) ↔ 2I2 (s) + 2H2O (l)                                     (3.5) 
2HI (aq) ↔ H2 (g) + I2 (s)                                              (3.6) 
However, for this proposed series of reactions to happen, it is essential that moisture, 
oxygen and light are present together. For example, the equilibrium of the Reaction 3.4 shifts 
to the right if there is a redox reaction in presence of oxygen (3.5) or if there is a 
photochemical reaction induced by UV radiation (3.6). Finally, if HI consumption takes 
place (Reactions 3.5 and 3.6), the whole process is favoured. Recently, J. M. Frost et al. 
showed a similar schematic degradation of the perovskite catalysed by water and forming 
HI, MAI and PbI2. It was claimed that since all these products are soluble in water the 
process is irreversible, thus invoking the additional issue related to the toxicological danger 
of lead.82  
Humidity not only produces MAPI’s degradation, it also affects the absorption 
coefficient. Yang et al. monitored films exposed to humidity, and observed that the higher 
the RH values the faster the reduction of the film absorption. For example, using 98% RH 
the absorption value halved in only 4.5 hours, but nevertheless it was calculated that using 
only 20% RH this would take 10,000 hours. They speculated that the perovskite degrades in 
presence of water, forming the hydrated phase (CH3NH3)4PbI6·2H2O.
80 In 2015 this 
dihydrated phase was purposely synthesised by J. A. Christians et al. in order to compare 
this phase with the degraded phase of MAPI. They proved that the speculation from Yang 
et al. was correct: they observed matching XRD patterns between hydrated and degraded 
MAPI, indicating that the hydrated phase was formed. Furthermore, they demonstrated that 
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this phase was formed in the dark and hence the transformation occurred without UV light. 
They postulated that the opportunity for water to interact with the perovskite is a 
consequence of the weak bond of methylammonium with PbI6, which allows the lead 
compound to interact easily with water.83  
However, in the same year A. Leguy et al. found that MAPI hydration is reversible.84 
They showed that a reversible monohydrated phase is formed first, which converts to a 
dihydrated form.  
4CH3NH3PbI3 + 4H2O ↔ 4[CH3NH3PbI3·H2O] ↔ 
↔ (CH3NH3)4PbI6·2H2O + 3PbI2 + 2H2O                                    (3.7) 
However, the dihydrated phase irreversibly decomposes to MAI, PbI2 and H2O after long 
exposures to humidity. Also, they showed that initially the hydration of the perovskite occurs 
mainly at the grain boundaries and by exposing the devices to dry nitrogen for 6 hours, the 
material recrystallizes in the original form, while when water fully penetrates the grains, the 
decomposition is irreversible. Despite this result, recovered devices showed increased 
hysteresis, probably related to the increased defect density of the recovered material.  
Yang et al. have also confirmed the hydrated phases and observed the formation of 
isolated PbI6
4- octahedra (a degradation product), which breaks down to PbI2 and I2.
80 
However, since CH3NH3
+ bonds more strongly to water than iodine,85 the reversibility is 
limited.  
In addition, it was shown that the effect of moisture with an electric field increases 
the rate of PbI2 segregation, i.e. the combination of factors increase the rate of irreversible 
degradation processes.86,87  
 
 
 
  
44 
 
ii) Stability to oxygen  and UV light  
Most studies focussed solely on the degradation of organic-inorganic perovskites 
induced by moisture. However, some groups observed sensitivity of perovskite materials, 
towards UV light, this being known for other PV technologies, such as polymer and dye-
sensitised solar cells.88,89  
In 2013 Leijtens et al. proposed that perovskite solar cell degradation was induced 
by UV degradation of the mesoporous TiO2 layer.
90 Later, by introducing a Sb2S3 blocking 
layer, Ito et al. showed a reduction of the photo-degradation: the CH3NH3PbI3 did not 
decompose in PbI2, maintaining its crystal structure.
91 They proposed that MAPI’s 
decomposition starts from I- ions present at the interface between MAPI and TiO2, in the 
same direction where electrons (generated after light absorption) are drifting: 
2I- ↔ I2 + 2e-                                                                                           (3.8) 
3CH3NH3
+ ↔ 3CH3NH2 (g) + 3H+                                                                (3.9) 
I-+ I2 + 3H
+ + 2e- ↔ 3HI (g)                                                (3.10) 
Despite the pKa (10.80) of reaction 3.9, the evaporation of CH3NH2 (3.9) and the 
consumption of H+ (3.10) shifts reaction 3.9 towards the products.91 
However, later on S. A. Haque’s group (2015) demonstrated that fast degradation 
occurs when the material is exposed to both UV light and oxygen, due to the formation of a 
superoxide (O2
-) species.92–94 In particular, they showed that the two degradation factors 
together act on the perovskite layer and form methylamine, lead iodide, molecular iodine 
and water. However, it was mentioned that it is very likely that the grain size of the 
perovskite crystals may influence the diffusion of oxygen in the material and hence the speed 
of the degradation process. 
In 2017, S. A. Haque and M. S. Islam’s groups presented the latest and most detailed 
degradation mechanism for MAPI which was obtained by a range of experimental and 
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computational experiments.95 They calculated using DFT (density functional theory), that 
MAPI’s degradation reaction in absence of light (3.11) (i.e. without the photo-generation of 
electrons in the lattice), is energetically not favourable (the enthalpy calculated per O2 
molecule is +1.60 eV).  
4CH3NH3PbI3 + O2 → 4PbI2 + 2I2 + 2H2O + 4CH3NH2                              (3.11) 
On the contrary, if light is present, the methylammonium lead iodide molecule is 
photo-activated (CH3NH3PbI3*) with a negative free Gibbs energy, forming an electron and 
a hole. If oxygen is present and finds a vacancy in the lattice, the photo-generated electron 
will contribute to the formation of a superoxide species (O2 + e
- → O2-), which irreversibly 
forms the perovskite degradation products. Reaction 3.12 and Fig. 3.5 describe the reaction 
mechanism.95 
4CH3NH3PbI3* + O2
- → 4PbI2 + 2I2 + 2H2O + 4CH3NH2                  (3.12) 
The reaction is similar to (3.11), however the main difference is related to the 
enthalpy of this reaction (-1.4 eV per O2 molecule) implying that the reaction is now 
favourable. Furthermore, since small grains were degraded more rapidly than larger 
crystallites, it was proved that the formation of the superoxide species is controlled by the 
size of the perovskite grains. 
 
Fig. 3.5. O2/UV induced degradation of MAPI represented in four steps: a) oxygen diffusion 
in the lattice, b) light absorption in MAPI generating an electron/hole pair, c) formation of 
the superoxide species (O2
-) and d) degradation of the perovskite structure. Reproduced with 
permission from Nature Comm., ref.95 
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Later, further simulations performed by the same group predicted that the superoxide 
species forms preferentially at the iodide vacancies, as shown in Fig. 3.6, because the relative 
sizes of the iodide ion and the superoxide anion are very similar (4.40 Å and 3.42 Å 
respectively): the Pb2+ octahedral coordination is restored making this process the most 
energetically favoured. Hence, passivation of the halide vacancies may improve the stability 
of perovskite thin films. 
 
Fig. 3.6. Possible sites for the formation of the superoxide species in MAPI: a) face site, b) 
iodide vacancy, c) lead and d) methylammonium sites. The relative formation energies are 
included in the inset table. The preferred formation site is in the iodide vacancy, as the 
formation energy is the most advantageous. Reproduced with permission from Nature 
Comm., ref.95 
 
Equally, studies have shown that MAPI exposed to dry air in the dark did not show 
any degradation19,20 demonstrating that the presence of oxygen alone is not harmful for the 
organic-inorganic perovskite. The danger of exposure to oxygen only occurs when UV light 
is involved, as it produces a photo-oxidation process.96,97  
Following the description of the harmful effect of UV radiation and oxygen, 
developments on the encapsulation processes were performed98,99 and UV filters were 
proposed.58 However, these filters are expensive, degrade irreversibly after 24 hours of 
exposure and they decrease the PV performances, as they reduce the width of the absorption 
spectra of the solar cell.  
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The stability of MAPI towards water and UV/oxygen was improved by interface 
passivation and by changing the chemical composition.100–106 Furthermore, effective 
encapsulations for protection towards these instability factors were developed: encapsulated 
devices exposed to the stressing tests for thin films PV (85°C and 85% RH) under light 
soaking for typically 1000 hours, performed at constant rates under light for long amount of 
time.87,107–110  
 
iii) Thermal stability  
Thermal instability is an intrinsic property of organic-inorganic perovskite materials. 
In particular, MAPI has shown to be affected by temperatures > 85°C, but nevertheless 
temperatures between 85°C and 100°C are necessary for the formation of the crystal 
structure. DSC-TGA measurements showed that exposure to heating induces an initial phase 
change of the crystal structure85 and then sublimation at temperatures between 247 - 300°C, 
caused by the separation of CH3NH3
+ and HI.111,112 Therefore, the thermal degradation is 
mainly recognisable by the formation of PbI2 caused by the partial volatile properties of 
some of MAPI’s constituents,113,114 suggesting that this degradation mechanism produces 
the same products formed by degradation caused by water and oxygen/UV.111 Thermal 
degradation is slower in the range of 85 - 100°C, compared to T > 100°C where degradation 
is rapid.  
The temperature dependence has been shown to be related to the substrate on which 
the perovskite is deposited on. For example, ZnO showed accelerated decomposition 
processes compared to ITO or TiO2.
115 However, heat-treated ZnO improved the thermal 
stability of the perovskite, suggesting that the reason for this accelerated mechanism is 
related to water absorbed on the material’s surface. But nevertheless, it is not advantageous 
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to use ZnO as electron transporting material, as this produces lower device performances 
and higher hysteresis.116  
Thermal degradation was studied under different environments by Supasai et al., 
who showed that degradation at 100°C occurs only on MAPI layers that are exposed to air, 
whereas if samples are kept under vacuum thermal degradation occurs between 140 – 
160°C.117 Furthermore, it must be mentioned that for MAPI prepared using coevaporation 
processes, the thermal stability increases up to 200°C, as shown by P. Pistor et al.118  
The thermal stability issue in organic-inorganic perovskite solar cells is relevant to 
the working temperature of solar panels. In some geographical areas, operational 
temperature ranges of -40°C to +85°C can be easily reached.119 Therefore, MAPI cannot yet 
be commercialised as it does not meet the International Standards (IEC 61646).116 As the 
main cause of the perovskite thermal instability is due to the presence of the organic 
components120 this was improved first by replacing formamidinium (FA) with MA,50,52 and 
then further by using Cs and Rb cations. These are effective since their atomic radii are 
smaller and form a stable high-temperature cubic perovskite phase.85,121 However, the issue 
with FA and Cs is their very low chemical stability towards humidity.50,52,122 
 
 
  b) Hysteresis in MAPI perovskites 
Hysteresis can be seen during J-V scans, with differences when measuring in forward 
(from negative to positive voltages) and reverse (from positive to negative voltages) 
directions. This behaviour was also found in organic thin film, dye-sensitised and silicon 
solar cells when the voltage scan is performed too quickly.123 In perovskite solar cells, and 
in particular MAPI, hysteresis typically resulted in higher device performances during 
measurements in the reverse scan direction compared to the performance measured in the 
forward scan direction, revealing that the charge collection is more effective in the reverse 
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scan. Furthermore, it was shown that devices often present higher hysteresis in planar TiO2 
configurations compared to mesoporous devices.124 More importantly, hysteresis has been 
shown to depend strictly on the preparation process and the choice of the materials used as 
hole and electron transporting layers. For example, perovskite layers with large, well 
connected grains show less hysteresis compared to smaller and disconnected grains,125,126 
and thicker MAPI layers produce larger hysteresis.127 Furthermore, the usage of insulating 
mesoporous alumina on top of compact TiO2 (the electron transporting material) produces 
larger hysteresis compared to TiO2 alone,
127 but [6,6]-phenyl-C61-butyric acid methyl 
(PCBM) produces negligible hysteresis.128 Yet, it has been demonstrated that fabricating 
devices in different laboratories results in large differences in hysteresis, suggesting that this 
property may be strictly related to the interfaces in the device rather than being a property 
of the bulk perovskite material.124 Numerous papers have been published on the 
understanding of the origin of hysteresis. In particular, four main mechanisms were 
suggested, these being ion migration (in particular I-),127,129,130 interfacial carrier 
dynamics,127 trap states,127 and ferroelectricity50,131,132 (in common with BaTiO3 and PbTiO3 
perovskites).124 However, recent studies converge on the hypothesis involving the ion 
migration and ion vacancies, for which the degree of hysteresis depends on the scan rate 
used.133,134   
 
3.3.2. Inorganic perovskites 
Since the main cause of the perovskite thermal instability is related to the presence 
of volatile organic components,120 researchers have tried to replace the organic molecules 
with inorganic atoms. In order to fulfil the tolerance factor requirements, the choice of the 
cation is restricted to large monovalent cations which are able to fit into the perovskite cubic 
structure. Caesium lead halide perovskites have been explored, and both iodide and bromide 
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fulfil the Goldschmidt tolerance condition (0.81 < t < 1.11).71 Single halide and mixed halide 
compounds have also been studied, as described in this section.  
In 2016 - 2017 caesium perovskites were studied in order to replace the organic-
inorganic perovskites, in particular with the aim of using them for tandem solar cell devices 
- due to their wider band gap (> 1.7 eV).120 However, today caesium is mainly used as an 
additive in mixed cation perovskites (methylammonium – formamidinium – caesium – 
rubidium), in order to improve the performance of the perovskite solar cells while also 
increasing the device’s environmental and thermal stability.51,135,136 
 
  a) CsPbI3, CsPbBr3 and CsPbI2Br 
Although the caesium tin and plumbo halides were known since 18937 and their 
physical-chemical properties were determined between 1959 and 2013,8,137–145 they were 
proposed for photovoltaic and light emission applications only recently.16,120,154–160,146–153 
For example, Chen et. al. demonstrated a CsSnI3 PV device in 2012.
160 In 2015 Beal et al. 
demonstrated a 2.9% efficient CsPbI3 p-i-n solar cell device.
146 In the same year, CsPbBr3 
achieved a 5.95% efficient PV device.148 However both iodine and bromine perovskites have 
shown both advantageous and disadvantageous properties, as explained below. 
CsPbI3 has the most appropriate band gap (1.73 eV), however it is stable in its dark 
cubic phase only at T > 310°C. At room temperature it remains metastable in the dark-
coloured phase for a short time8,137,139 before assuming its stable yellow orthorhombic δ-
phase (2.85 eV band gap).139,152 This yellow phase shows edge-shared octahedral chains 
(similarly to NH4CdCl3),
16,161 and is a poor absorber for PV applications. Although the 
material’s stability made it difficult to measure devices, an efficiency of 1.7% was 
achieved.146 The metastability of the dark cubic phase was slightly improved by adding HI 
to the precursor solution, but the devices did not exceed a PCE of 2.9%.146  
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On the other hand, CsPbBr3 has higher band gap (2.25 eV)
144,152 and despite this 
being unsuitable for single junction solar cells, it yielded higher efficiencies (5.95% PCE) 
than the pure iodide compound.148 The advantage of this bromide perovskite is that it is 
stable in air and at room temperature in its perovskite orthorhombic phase.120 This improved 
stability compared to the iodide structure may be due to a better electrostatic stability 
imparted by the smaller atomic radius of the bromine within the perovskite structure. 
However, when moderate heating is applied (around 88°C) the phase changes to tetragonal, 
and then above 130°C to a cubic orange phase. Therefore, despite being more suitable for 
applications in tandem devices compared to CsPbI3, CsPbBr3 (which is stable at room 
temperature), is not thermally stable at solar cell working temperatures. Hence, both CsPbI3 
and CsPbBr3 are not ideal materials for photovoltaic applications. 
However, it has been observed that by mixing the halide composition the band gap 
can be tuned and the phase stability of the perovskite structure may be improved.120,150,152 
The goal was to find a compound with a lower band gap, imparted by the iodine, but with a 
better stability at room temperature, imparted by the bromine.  
For example, studies on CsPbIBr2 (Eg = 2.05 eV), have led to interesting results. 
W. Y. Ho-Baillie and her group fabricated spray-assisted devices with 6.3% stabilised 
conversion efficiency.154,162 However among the series of CsPbI(3-x)Brx compounds, the 
compound that attracted major interest was CsPbI2Br. This was investigated since the 
inclusion of bromide should make it sufficiently environmentally stable while the inclusion 
of iodide should give it a usable band gap. CsPbI2Br has been reported for solar cell 
applications. Using a classic perovskite device structure FTO/TiO2/CsPbI2Br/Spiro-
OMeTAD/Ag, in 2016 Sutton et al. fabricated devices with 9.8% PCE,120 indicating the 
potential of all-inorganic perovskite PV: the Shockley-Queisser limit predicted for this type 
of perovskite has efficiencies up to 21%, 1.63 V VOC and 16.3 mA/cm
2 JSC.
120,163,164  
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A summary of the main characteristics presented in the literature before 2018, 
regarding the single halide compounds (CsPbI3 and CsPbBr3) and the most used mixed 
halide compound (CsPbI2Br), is shown in Table 3.3. 
 
Material Room temperature 
phase 
Other phases PV results Notes 
CsPbBr3 Black orthorhombic 
phase 
 
Eg = 2.25 eV144 
 
 
T > 88°C 
Tetragonal phase 
 
T > 130°C 
Orange cubic phase144 
 
 
5.95%148 Room temperature 
phase is stable 
however its large 
band gap is not 
suitable for a PV 
absorber. 
CsPbI2Br Brown phase 
 
Eg = 1.92 eV 
 
 
Yellow phase 
 
Eg = 2.85 eV 
 
 
9.84% 120 
 
 
Ideal compromise 
between band gap 
and room 
temperature 
stability. 
CsPbI3 
 
Yellow orthorhombic 
phase 
 
Eg = 2.85 eV146 
 
 
T > 310°C 
Black cubic phase 
(metastable at room 
temperature - 
stabilised with HI for 
few hours only).  
 
Eg = 1.73 eV146 
 
1.7% and 
2.9% (with HI)146 
(in the metastable 
black phase) 
Metastable at 
room temperature 
in the cubic phase, 
but its band gap is 
suitable for PV 
applications. 
Table 3.3. Summary of the main phases, band gaps and device performances of the most 
used compounds of the CsPbI(3-x)Brx series studied in the literature. Since the pure iodide 
compound is unstable at room temperature and the bromide compound has a large band gap 
not suitable for PV applications, CsPbI2Br fulfils the best combination of factors. 
 
However, a few incidental comments in the literature120 indicated the poor stability 
of CsPbI2Br in air, but without including deeper analysis on the factors that induce the 
degradation of the material, nor the mechanism of degradation of the compound. This is 
therefore explored in Chapter 6. 
Fig. 3.7 shows the phase diagram produced by Sharma et al.139 in 1992 which helps 
to better understand the temperature ranges of the single and the mixed halide CsPbI(3-x)Brx 
chemical structures, and in particular the composition dependent orthorhombic - cubic phase 
transition points. The graph shows an orthorhombic – cubic transition at ~135°C and ~320°C 
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and melting points at ~560°C and ~485°C for the pure CsPbBr3 and CsPbI3 compounds 
respectively. It can be noted that mixed halide compounds do not show linear changes in the 
phase transition temperature and the melting points with composition.  
 
Fig. 3.7. Phase diagram for CsPbI(3-x)Brx re-drawn from the graph reported by Sharma et al. 
(1992).139 The graph shows the phase transition from orthorhombic to cubic phase for 
different halide composition in CsPbX3,
139 where x = molar fraction of CsPbI3. 
 
 
After the experimental work for Chapter 6 was finished in 2017, new articles have 
been published on CsPbI2Br and CsPbIBr2,
165–168 showing increased efficiencies and phase 
stability up to 13.3% for an encapsulated novel structured device 
(FTO/NiOx/CsPbI2Br/ZnO/C60/Ag), with a VOC of 1.14 V, JSC of 15.2 mA/cm
2 and FF of 
77%.166 The large band gap of CsPbI2Br (1.92 eV) makes it a feasible absorber for 
combination with silicon or low-band gap perovskite solar cells to fabricate tandem devices 
in the future.  
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3.4 Deposition methods and principal device architectures for 
perovskite PV  
 
    3.4.1. Deposition methods 
Perovskite thin films were prepared since 1998 by Mitzi’s169 and Kitazawa’s 
groups170 who presented a one-step solution spin-coating process from dimethylformamide 
(DMF) solution to form films for optical and electrical applications.47,170 With the same 
deposition method (but using γ-butyrolactone) Miyasaka et al.5 produced the first perovskite 
solar cell in 2009, and since then optimisation of film deposition was carried out by 
numerous research groups worldwide. A short description of the main methods used in the 
literature follows.  
The deposition of perovskite thin films initially started using a solution process, 
which is still the most commonly adopted technique. It involves the preparation of one or 
more homogenous solutions containing the perovskite precursors, which are spin-coated or 
dip-coated to form layers which are finally heat-treated at low-temperature to dry the films 
and promote crystallisation. Depending on the perovskite composition, the annealing 
temperature may vary to optimise crystallisation.171 This solution deposition method may be 
performed by using a one-step process or a sequential two-step deposition process.5,18,77,172–
175 For MAPI, the one-step solution process uses a single solution containing both PbI2 and 
MAI precursors, normally dissolved in DMF, dimethyl sulfoxide (DMSO) or γ-
butyrolactone (GBL) solvent or a mixture of these, which is then deposited to form a thin 
film.5,18,172,173 The two-step process comprises the sequential deposition of two solutions. In 
the case of MAPI for example, the solutions are typically lead iodide in DMF and 
methylammonium iodide in isopropyl alcohol (IPA): the PbI2 solution is deposited and later 
covered with the MAI solution that, by interdiffusion, interacts with PbI2, and after solvent 
 55 
 
evaporation forms MAPI. The two-step solution process may be either the sequential 
deposition of two solutions,174,175 or it can be performed by dipping the first layer in the 
solution of the second precursor, for example the PbI2 layer in a MAI solution.
77,176,177 A 
further technique is VASP (vapour-assisted solution process), which involves the 
preparation of a first layer via a solution process (for instance PbI2) and then exposing this 
to an organic vapour of the second precursor (MAI).178,179 In addition to the hybrid solution-
vapour synthesis, Liu et al. fabricated MAPI layers by co-evaporating powders of lead 
iodide and methylammonium iodide.23,180 Other more recent techniques, mainly aimed to 
scale-up processes, involve spray coating,181,182 doctor blading183,184 and die deposition 
techniques for roll-to-roll production.185 All techniques produced the required compound 
and showed promising results in solar cell devices. However, the one-step and the two-step 
solution processes, and the vapour deposition are the most common techniques used up to 
now.186  
Furthermore, besides the thin film deposition, perovskites have also been synthesised 
in the form of single crystals, in particular for the understanding physical-chemical 
properties,187 such as charge diffusion length measurements,35 or to narrow down their 
optical band gap without changing the composition,188 or for the fabrication of solar cells, 
which however have shown poor PCEs up to now (0.01%).189  
Various papers address opportunities for the improvement of deposition techniques. 
In the case of MAPI for example, the main problems were the concentration of the precursor 
solution (typically used from 10% to 40% wt.), the annealing time (from 0 to 60 min) and 
the annealing temperature (in the range of 40°C - 160°C).18,190–192 For example, it was shown 
that the higher the annealing T, the lower the concentration of pores and the larger the 
crystals. However beyond 100°C the perovskite decomposes. Another important technique 
was to improve the perovskite film quality by solvent engineering. In addition to the most 
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common solvent used (DMF), other solvents and combinations are effective. The most 
important examples are GBL and DMSO, which were either mixed with DMF or were used 
to replace it. In addition to this, the anti-solvent method involves the dripping of an anti-
solvent on the spinning perovskite layer to improve the crystallinity of the film, with the 
most successful choice for this procedure being toluene.173,193,194   
By changing all these variables during the preparation of the films, the perovskite 
surface coverage and crystallinity may be improved, contributing to an improvement of the 
device current density and hence its performance.  
 
    3.4.2.  Perovskite device architecture 
When the first perovskite dye sensitised solar cell was constructed by Miyasaka’s 
group, the perovskite solution was deposited onto a TiO2 layer to form a photoelectrode 
(anode), which was surrounded by organic electrolyte solution that permitted redox reaction 
with a Pt-coated FTO cathode.5 Later, perovskite thin film solar cells were fabricated, by 
maintaining the perovskite film on the scaffolding of the mesoporous titania layer (the 
electron transporting material) and adding a solid-state hole-transporting material (spiro-
OMeTAD) on top, replacing the electrolyte.19,20 This TiO2/MAPI/spiro-OMeTAD 
architecture is still the most common n-i-p device configuration for perovskite solar cell 
devices, using TiO2 as the electron transporting material (n), MAPI as the photon absorber 
(“i”, intrinsic) and spiro-OMeTAD as the hole transporting material (p) which structure is 
shown in Fig. 3.8.  
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Fig. 3.8. Chemical structure of spiro-OMeTAD, commonly used as hole transporting 
material in n-i-p perovskite solar cell devices. 
 
 
Despite the literature reports that the presence of the hole-transporting material 
improves the device performance, it was proved that its presence is not necessary for the 
device to work: devices without spiro-OMeTAD produced a PCE of about 5%,195 which 
increased to 12.8% PCE when a double layer of mp-TiO2 and mp-ZrO2 were used as 
scaffold.78 Edri et al., believed that the p-i-n junction is in fact a sum of two heterojunctions: 
the p-i and the n-i junctions in series, which together contribute to increase the VOC, 
explaining the high efficiency achieved by these devices.196 Once the photons are absorbed 
in the perovskite material, electron-hole pairs are generated by the weakly bounded excitons, 
and carriers drift towards the hole and electron transporting materials and then to the 
contacts. Fig. 3.9 shows the band alignment of the device configuration 
(ITO/TiO2/MAPI/spiro-OMeTAD/Au) that is reported here in order to explain why the 
choice of these transporting materials is appropriate. The band diagram shows the energy 
levels of the semiconductors and Ohmic contacts before and after equilibrium (Figs. 3.9a 
and b respectively), which is supported by theoretical data from the literature.197 The band 
bending between the conduction bands of MAPI and TiO2 allows electrons formed after the 
photo-absorption in MAPI to drift towards the electron transporting material, which in turn 
passes the electrons to the front contact (ITO) without energetic losses. Similarly, a second 
field is located between the MAPI and spiro-OMeTAD, which allows holes to easily drift 
towards the hole transporting material and further to the Ohmic back contact (Au). An abrupt 
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discontinuity can be observed between MAPI and spiro-OMeTAD’s conduction bands and 
between MAPI and titania’s valence bands: these are beneficial as they block electrons and 
holes to go in the direction where recombination would take place. Therefore this device 
architecture appears ideal for MAPI perovskite solar cells. 
 
Fig. 3.9. Band diagrams of perovskite solar cells with the device structure 
glass/ITO/TiO2/MAPI/spiro-OMeTAD/Au, made by using energy data from the literature 
and assuming MAPI an intrinsic material.197 Fermi levels of titania and spiro-OMeTAD are 
assumed relative to their doping. a) Band energy details for each device component before 
equilibrium, and b) band diagram of the components in equilibrium: the Fermi level is 
aligned and cliffs are drawn between conduction and valence bands.   
 
 
This device architecture is still commonly used for perovskite solar cells. However, 
issues related to the hole and electron transporting materials were found. For example, the 
high annealing temperature required for the preparation of the TiO2 layer does not permit 
the development of flexible solar cell fabrication (since it requires processing temperatures 
< 150°C for deposition on transparent plastic films, such as PET or PET/ITO) limiting the 
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fabrication of perovskite solar cells to only glass substrates.198,199 Another example relates 
to the presence of dopants in spiro-OMeTAD that are needed for the improvement of its 
conductivity, but dramatically reduce the stability of the perovskite material.76,80,200 
Therefore, in the last years new electron and hole transporting materials have been 
employed. Since the perovskite absorber material was maintained sandwiched between the 
hole and the electron materials, the new structure could form both n-i-p 
(substrate/TCO/HTM/perovskite/ETM/metal contact) or p-i-n 
(substrate/TCO/ETM/perovskite/HTM/metal contact) architectures by simply inverting the 
polarity of the device. The main device architectures used in the literature are shown in Fig. 
3.10.186 Fig. 3.10a shows the most common n-i-p structure with TiO2 as ETM and spiro-
OMeTAD as HTM. In the case of p-i-n devices, or the inverted device structure, P. 
Docampo’s group has shown in 2013 that it was possible to replace the most common 
transporting material with those used more conventionally in organic solar cell devices, 
these being poly(3,4-ethylenedioxythiophene) poly(styrenesulphonate) (PEDOT:PSS) as 
the p-semiconductor and [6,6]-phenyl-C61-butyric acid methyl (PCBM) as the n-
seminconductor.201 With the following device architecture: 
substrate/FTO/PEDOT:PSS/CH3NH3PbI3−xClx/PCBM/TiOx/Al (Fig. 3.10b) they 
produced a solar cell having 10% PCE.201 The advantage of using these polymers is that 
the processing temperatures for perovskite devices decreases.202,203 Furthermore, 
researchers proved that these alternative organic transporting materials produce devices 
with negligible hysteresis,204–207 but unfortunately the device performances are lower 
compared to the traditional n-i-p configuration, the best PCE reported being in the range 
12 – 18%.208–212 
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Fig. 3.10. Typical a) n-i-p and b) p-i-n device architectures.  
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4. Experimental methods 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An overview of the main techniques and instruments used for the synthesis and 
characterisation of the samples is presented in this chapter.  
 
4.1. Cleaning procedures and substrate preparation  
4.1.1. Glass cleaning  
Quartz coated glass (20 nm of synthetic quartz covering a glass substrate 
20 x 15 mm2, Ossila Ltd.) or ITO coated glass (ITO thickness 100 nm, resistance 14-16 Ω/□, 
20 x 15 mm2 glass slides, Ossila Ltd.) were cleaned with the following procedure: the 
substrates were sonicated in water for 5 - 10 minutes and then isopropyl alcohol (IPA) for 
other 5 - 10 minutes. The slides were dried with flowing nitrogen, taking particular care to 
eliminate all droplets on the sample’s surface, and finally they were treated in an UV-ozone 
(UV/O3, Ossila Ltd.) cleaner for 10 minutes to remove possible organic contaminants from 
the surface. At this point samples were ready to use for the deposition of materials.  
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  a) The UV/O3 cleaner 
UV/O3 cleaner uses a photo-sensitised oxidation process (adopting short 
wavelengths and ozone molecules), with which organic molecules are dissociated from the 
surface. This cleaning treatment is commonly adopted as it removes traces of solvents and 
oils, without causing significant surface damage. The substrates are illuminated using two 
wavelengths (185 nm and 254 nm). The shortest wavelength is absorbed by the oxygen 
present in the system and produces radicals (4.1), which react with molecular oxygen to 
produce ozone (4.2.).  
O2 → 2O·                                                          (4.1) 
O2 + O· → O3                                                       (4.2)     
The longest wavelength is absorbed by organic molecules, forming organic radicals. 
These reactive species then react with the unstable ozone, forming volatile compounds (CO2, 
H2O, N2 and short chain organic molecules) which desorb from the surface. 
 
4.1.2. Silicon wafers 
Both n-doped and p-doped crystalline silicon wafers were used for the fabrication of 
heterojunctions with MAPI (chapter 7) and were the following:  
- n-Si, (100) ± 0.5°, phosphorous doped, 1 – 10 Ω·cm, 355 – 405 μm thickness, Pi-
KEM Ltd; 
- n-Si (100) ± 0.5°, phosphorous doped, 1 – 5 Ω·cm, 5 – 10 Ω·cm and 10 – 15 
Ω·cm, 355 – 405 μm thickness, Mi-Net Technology Ltd; 
- p-Si (100) ± 0.5°, boron doped, 380 μm thickness, 1-10 Ω·cm, Pi-KEM Ltd. 
The wafers were cut in pieces (~2 x 1 cm2) and then cleaned using an RCA procedure, 
which was developed by Werner Kern in 1965 while working for the Radio Corporation of 
America. This procedure is still used for cleaning the surface of silicon wafers from organic 
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and particle residues, and it is followed by the so called ‘oxide strip’, which is the removal 
of the insulating silicon oxide (SiO2) surface layer (few nanometre thickness) that forms on 
the wafer when this is in contact with air. The RCA procedure consists in a series of 
treatments which are here described. 
The silicon pieces were soaked in acetone at 55°C for 10 minutes and then in 
methanol for 5 minutes. After rinsing with abundant DI water and drying with flowing 
nitrogen, they were soaked for 15 minutes in a solution of H2O2 : NH4OH : H2O solution (1 
: 1 : 5 by volume) that was previously boiled at 70°C until it showed distinct bubbling for 
~2 minutes. After copious amounts of water were used to rinse the samples, they were dried 
and transferred to a water-flushed fume hood for the following ‘oxide strip’. A 2% 
hydrofluoric acid (HF, 49%, Merck) solution in water was prepared. The silicon wafers were 
then immersed in the solution for 2 minutes, using appropriate polytetrafluoroethylene 
(PTFE) containers. Rinsing with water followed. The effectiveness of the silicon oxide 
removal can be tested with an hydrophobicity check: if the HF treatment was conducted 
properly, water forms rounded droplets with a high contact angle on the silicon that run off, 
whereas if the silicon oxide is still present on the wafer surface the water creates a uniform 
film due to the SiO2 being hydrophilic. The wafers were finally dried with a nitrogen flow 
and immediately transferred into a nitrogen glovebox to protect the wafer from the fast 
surface re-oxidation. Although this oxidation is not avoidable, it can be limited to a 
minimum.  
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4.2. Thin film deposition 
4.2.1. Spin-coating technique 
Spin-coating technique was the main deposition technique used in this thesis and was 
used for depositing perovskite, spiro-OMeTAD and TiO2 thin films. While normal spin-
coaters hold samples using a vacuum, the spin-coater used here (Ossila Ltd.) has a spinning 
disk with a well where the samples can be located (either 50 x 50 mm2 or 20 x 15 mm2). 
Spin coating was conducted in a nitrogen glovebox.  
The spin-coating technique uses solutions of the material in a solvent (or ink) which 
are dropped onto a substrate to form a film with thicknesses in the nm – μm range. The 
deposition can be done a) statically, by depositing the solution on the substrate when this is 
in a steady position, or b) dynamically, when the solution is dropped onto a moving 
substrate. Normally, the dynamic spin-coating provides higher uniformity of the films, since 
the static spin-coating may be affected by an initial solvent evaporation before the spinning, 
which gives lower conformity. By applying high speed of the substrate (from 1000 rpm to 
6000 rpm, rpm = revolution per minute) most of the solution is flung off the side, and the 
airflow promotes the solvent evaporation leaving a highly uniform thin film on the substrate 
surface, as shown in Fig. 4.1. The thickness is inversely proportional to the square root of 
the spinning velocity used, as shown in the following Equation: 
𝑡 ∝  
1
√𝜔
                                                            (4.3) 
where: t = thickness, ω = angular velocity. 
Nevertheless, the thickness of the film is strictly related to the concentration of the 
solution and the boiling point of the solvent used, depending in turn on the temperature, 
viscosity and vapour pressure. Furthermore, since the spin-coater is equipped with levelling 
feet, the films show even thickness over the whole surface. 
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Fig. 4.1. Spin-coating stages: a) solution dripping, b) rotation and air flow removing the 
excess solution and evaporating the solvent for the formation of the thin film (c).  
 
 
 
4.2.2. Thermal evaporation 
Thermal evaporation was used for the deposition of metal contacts. This deposition 
technique is one of the most common physical vapour deposition (PVD) methods. In 
particular, gold (Au, 99.95%, Advent) was evaporated using a tungsten boat (W, Kurt J. 
Lesker) in a dedicated evaporator (Oerlikon, Univex 300), and aluminium (Al, 99.99%, 
Merk) was evaporated in a belljar evaporator (Moorfield M307). A piece of pure Au or Al 
wire was cut and deposited onto the W boat (W does not react with either metal). 
Evaporation took place at 10-5 – 10-6 Torr. Rotation was used for the deposition of Al, but 
not Au. 
 
4.2.3. RF sputtering 
Magnetron sputtering is a PVD technique which consists in ejecting a material from 
a target and depositing it onto a substrate, placed above the target at a certain distance. In 
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this thesis magnetron sputtering was used for the deposition of zinc oxide (ZnO target, 
99.99%, Pi-KEM) films and a transparent conductive material (TCO), this being aluminium-
doped zinc oxide (AZO target, 99.99%, Pi-KEM), using an AJA International Inc. ATC 
Orion chamber, with the chamber pumped to a base pressure of 10-7 Torr initially and then 
set at a working pressure of 2-10 mTorr.  
The process is initiated by ionising an inert gas (in this work argon) forming a 
plasma. Then a high potential (direct current, DC or radio frequency, RF) is applied between 
the target and the substrate. Since the materials deposited in this work are semiconductors, 
RF sputtering was adopted, which can be used also for insulators, whereas in the case of 
deposition of conductive materials DC sputtering should be adopted. This potential creates 
ions that are accelerated toward the target, causing the ejection of particles from the target 
which condense on the surfaces (these that are directly pointing at the target, including the 
sample positioned on top of the target). Samples were rotated during deposition for higher 
film uniformity. 
Since the chamber contains multiple sputtering ‘guns’ it was possible to deposit films 
stacks without removing the substrate from the chamber. This advantage allows also to co-
sputter different compounds simultaneously, however this technique was not used in this 
work.  
 
4.3. Intentional film degradation: conditions 
Perovskite thin films prepared in the glovebox showed rapid degradation when 
exposed to air. Since the degradation causes were not yet understood, studies on the films 
were performed by separating environmental conditions which may be causing this 
degradation. Later by analysing the films visually, by X-ray diffraction and 
spectrophotometry, the damaging factors were identified.  
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The segregation environments chosen for the intentional degradation experiments 
were the following:  
- “UV/N2”: samples were exposed to UV radiation (2 x 9W UV lamps, LED source, 
λ = 365 nm) inside a nitrogen glovebox (< 10 ppm H2O), therefore in inert 
atmosphere. This condition has been used to study the effect of UV light only.  
- “Dark/air”: films were kept in the dark and covered with aluminium foil to avoid 
illumination, but without being sealed and therefore exposed to air. In this way, the 
samples would be exposed only to water and/or oxygen (i.e. the main reacting 
molecules in air). 
- “Desiccator”: perovskite layers were kept in dry atmosphere (relative humidity < 
15%) but being still exposed to the ambient light of the laboratory (although UV rays 
are strongly reduced since these are absorbed by the thick plastic walls of the 
desiccator container). This condition evaluated the effect of reduced humidity but in 
the presence of oxygen. 
- “UV/O3”: samples were put in an UV-ozone cleaner (section 4.1.1) in order to expose 
the material to UV and oxygen. As explained in the literature review (section 3.3.1.a, 
ii) these factors are the main degradation factors for MAPI’s degradation.1–3 Since 
the UV/O3 cleaner is positioned in a fume hood, the water vapour level is low. 
 
Table 4.1 summarises the test conditions used to identify the origin of degradation of 
perovskite films. Through the use of this logic table it is possible to exclude potential causes: 
for example, if the sample shows degradation effects when exposed to “UV/N2” and 
“UV/O3” only (but not “dark/air” or “desiccator”), the degradation factor must be related to 
UV radiation since this is the only common factor.  
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Test 
Degradation factor 
UV O2 H2O (vap) O3 Ambient light 
UV/N2 Yes No No No No 
Dark/air No Yes Yes No No 
Desiccator No Yes Low No Yes 
UV/O3 Yes Yes Low Yes No 
Table 4.1. Test conditions for the degradation experiments used for MAPI and CsPbI2Br. 
Each test has a small number of characteristics so that making all four test allows the factors 
causing degradation to be uniquely identified.  
 
 
4.4. Material characterisation 
This section presents the techniques used for the characterisation of the material in 
terms of physical, optical, structural and chemical properties, and is divided into film and 
powder characterisation.  
 
4.4.1. Thin film characterisation 
  a) Profilometry 
A stylus profilometer was used for the determination of thicknesses and roughness 
of films. A probe is moved on the surface of the sample, using a continuous predefined force 
between the probe and the sample, following the surface of the sample. The vertical 
displacement of the probe is revealed either optically or electrically.  
The profilometer used for the measurements presented in this thesis was an 
AMBIOS, XP-200 and was mainly used for the determination of the thickness of thin films, 
by measuring the step in height between the substrate’s surface and the film’s. This step was 
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made by mechanically scribing the films’ surface (if the material was soft enough) or by 
masking a small part of the substrate during the deposition. 
 
  b) UV-Vis spectrophotometry 
Optical measurements are commonly used for the determination of the band gap of materials 
and can be performed in both liquid and solids. In particular in the case of UV-Vis-IR 
spectrophotometry (also called UV-Vis-IR for simplicity) a monochromated beam of light 
hits the sample and appropriate detectors detect the transmitted and reflected light and 
measure the ratio of light reaching the detector to the incident light. In the case of thin films, 
the absorption coefficient may be calculated as follows:  
𝛼 =  
1
𝑑
 ln [
1− 𝑅2
𝑇
]                                                          (4.3) 
Where: α = absorption coefficient, d = film thickness, R = reflectance, T = transmittance.  
From the absorption coefficient it is possible to measure the band gap (Eg) using the 
Tauc plot,4 which plots (αhν)n – hν, where hν is the photon energy, and n is an exponent 
dependent on the nature of the electron transition. If the band gap is direct (vertical transition 
in the E – k diagram, hence advantageous path in materials such as MAPI and CdTe) then 
n = ½, whereas if the band gap is indirect (not vertical in the E – k diagram, such as in 
silicon) then n = 2.  
In this work a Shimadzu SolidSpec-3700 UV-Vis-IR Spectrophotometer was utilised for the 
measurement of transmittance and reflectance of thin films, typically in a wavelength range 
of 300 – 1100 nm.   
 
  c) X-ray diffraction 
X-ray diffraction (XRD) is commonly used for the structural characterisation and 
phase identification of crystalline materials. The most common setup for X-ray 
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diffractometers is the Bragg-Brentano, shown in Fig. 4.2, where a monochromatic X-ray 
beam is directed towards the sample with an angle θ. The beam divergence and collection 
angle are controlled by slits after the X-ray source and before the detector. The incident X-
rays are then diffracted from the sample and reach the detector with angle 2θ. This is θ - 2θ 
diffractometry. The working principle is that the sample is irradiated with X-rays, and the 
scattering gives constructive and deconstructive interference.5 Bragg’s Law describes this 
effect,6 by relating the incident X-ray wavelength (λ) to the incident angle (θ) in a lattice 
plane with spacing dhkl (hkl are Miller indices denoting the planes in the crystal lattice), as 
shown by Equation 4.4. 
nλ = 2dhklsinθ                                                          (4.4) 
where n describes the order of diffraction.  
When the interference is constructive the intensity of the diffracted X-rays is 
maximised and Bragg’s peaks are recorded. Each individual compound produces a 
characteristic pattern (“fingerprint”) and therefore this technique is used for the 
identification of materials and their crystallographic phases. Reference tables (JCPDS or 
X’pert HighScore/ICDD) may be used for comparison. 
 
Fig. 4.2. Schematic representation of a Bragg-Brentano X-ray diffractometer, showing the 
incident angle (θ) deriving from the monochromatic X-ray source and the reflective angle 
(2θ) of X-rays that reach the detector from the sample. 
  
84 
 
XRD instruments may be used on both powders and thin films, however the resulting 
patterns may not show identical peak intensities as their crystal textures may differ. In the 
case of powder XRD the orientation is random, resulting in full set of peaks with different 
intensities, whereas thin films may have a preferred orientation, and hence a reduced number 
of diffraction peaks with different intensities than in the random case. 
In this work both thin film and powder XRD instruments were utilised. In the case 
of thin film XRD two instruments were used: initially an X’Pert PRO X-ray diffraction 
system – Philips Analytical and later a Rigaku, SmartLab (both with a Cu X-ray tube), 
whereas in the case of the powder XRD a Brucker D8 Venture (Cu source) was utilised.  
 
  d) Optical microscopy 
A Nikon eclipse LV100 optical microscope with a digital camera was used to 
examine the films produced in this work. 
 
  e) Scanning electron microscopy 
Scanning electron microscopy (SEM) provides images of a sample, using an electron 
probe. The beam is generated by an electron source (for example a tungsten filament), the 
electrons are accelerated by an anode, and a series of electromagnetic lenses are used for 
focussing the beam onto the sample. Electrons emerging from the sample are then collected 
by detectors.7 In particular, secondary electrons - low-energy electrons generated from the 
sample - are the main electrons collected in this technique for routine imaging. However 
SEM instruments may be equipped with other types of detectors (for example for the 
collection of back scattered electrons, transmitted electrons, X-rays, etc.) from which 
elemental and crystallographic information can be recorded. Secondary electrons yield high-
resolution images, with down to nm resolution. In order to produce secondary electrons the 
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sample must be conductive whereas insulating materials must be covered with conductive 
material before measurement.  
In this work a JEOL JSM-7001F SEM instrument was used for secondary electron 
imaging. Samples were mounted on a stage for the imaging of both surface and cross section, 
and contacted with conductive tape. According to the sample an accelerated voltage in the 
range of 5 – 30 kV was used. No coating was necessary for imaging the perovskite films and 
devices. 
 
  f) X-ray photoelectron spectroscopy  
X-ray photoelectron spectroscopy (XPS) is a spectroscopic quantitative technique that 
measures the elemental composition of a compound and determines its chemical formula and the 
electronic state. X-rays impinge on the sample (under vacuum at 10-8 mbar or 10-10 mbar) and a 
detector measures the kinetic energy and the number of electrons escaping the material. This 
technique is used to determine the surface chemistry of a material. Here it was also used to 
estimate the valence band energies of the materials studied in this work. 
In this work X-ray photoemission spectroscopy was performed using a PSP Vacuum 
Technology Al Kα X-ray source (hν = 1486.6 eV) operating at 144 W, with a PSP electron-
energy analyser operating at a pass energy of 20 eV. Photoemission measurements were 
performed in a standard ultrahigh vacuum chamber with a base operating pressure of ~10-10 
mbar. Samples were mounted to metallic plates and tantalum straps were spot welded to the 
plates contacting the sample surface to minimise charging under illumination. A small 
charge correction was applied to spectra using the C1s (284.8 eV) as the reference peak. 
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  g) Scanning tunnelling spectroscopy  
Scanning tunnelling spectroscopy (STS) is an extension of a scanning probe 
microscopy UHV-STM. STS is used for the determination of density of states. An 
atomically sharp tip is positioned very closely (a few Ångstroms) over the surface of a 
conductive or semiconductive sample, with the height of the tip fixed and a bias voltage 
applied between the tip and the sample, allowing current to flow. This is called electron 
tunneling current which changes accordingly to the energy of the electrons: since the 
electron energy is a function of the electrical potential difference (voltage) between the tip 
and the sample, an I-V curve is obtained. Then, by measuring the differential conductance 
of the I-V curve (dI/dV, Eq. 4.5), the local electron density of states (LDOS), referred to a 
particular position of the sample, can be calculated.8 
𝑑𝐼
𝑑𝑉
 | 𝑉=𝑉𝑏𝑖𝑎𝑠 ∝ ∫ 𝜌𝑠(𝐸)
𝜕𝑓(𝐸−𝑒𝑉)
𝜕(𝑒𝑉)
∞
−∞
|  𝑉=𝑉𝑏𝑖𝑎𝑠  𝑑𝐸                           (4.5) 
where: ρs are the density of states (DOS) and f is the Fermi distribution. 
In this work STS was measured on a RHK Pan-style UHV-STM instrument 
(Department of Solid State Physics, Indian Association for the Cultivation of Science, 
Jadavpur, Kolkata, India).  
 
 h) Van der Pauw method  
This measurement uses a four-point probe to measure the resistivity of a 
semiconductor. The instrument has four equidistant probes, positioned at the corners of a 
square. A current is injected in two facing probes (I12), and the voltage is measured across 
the remaining probes (V34). The resistance is therefore measured using Ohm’s Law (R34,12 = 
V34 / I12) and the resistivity (ρ) can be calculated through numerical techniques, by knowing 
the area measured and the thickness of the film (t). Since in the four point probe this area is 
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a square, the sheet resistance is calculated (Rs, Ω/□), knowing that ρ = Rs · t. For more 
information about this technique consult ref.9 
In this work an Advanced Instrument Technology CMT-SR2000N four-point probe 
kit was used for the determination of the resistivity of thin films of gold. 
4.4.2. Powder characterisation 
Some μl of perovskite precursor solutions (typically in DMF) were dropped onto 
glass slides (without spinning) and annealed at the temperature required for the material 
formation inside a glovebox. When the film was completely dry, this was scraped off 
forming perovskite powders that were used for characterisation using the following 
techniques. 
 
  a) Differential scanning calorimetry – thermogravimetric analysis 
Differential scanning calorimetry (DSC) is a thermoanalytical technique which 
determines the difference in energy required to heat a sample (in a crucible) and a reference 
(typically an empty crucible). Generally the temperature is increased linearly as a function 
of time, therefore the spectra shows a heat flux versus temperature (or sometimes versus 
time), showing peaks in correspondence of exothermic or endothermic reactions with 
temperature. The convention for the peaks to be positive or negative relative to the 
exothermic or endothermic reaction depends on each instrument. Eventually the compound 
reaches the melting temperature, which results in an endothermic peak. This method is very 
useful for the determination of transition temperatures and for the fabrication of phase 
diagrams. 
Thermogravimetric analysis (TGA) is a thermal analysis used for the determination 
of the mass loss over time while changing the temperature. It consists in a precision balance 
located in a furnace, using a temperature control which generally increases the temperature 
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at constant rates. This heating process may occur in air, inert gas or vacuum or specific gases 
for oxidation, reduction, etc. This method is useful for the determination of absorption and 
desorption, as well as chemisorption and thermal decomposition. Furthermore, information 
about the thermal stability may be obtained, as thermally unstable compounds show a mass 
change before melting.   
Often, the DSC and TGA techniques are combined for a better understanding of the 
sample analysis. In this work a combined DSC-TGA instrument was used, this being a TA 
Instruments, SDT Q600, with powders placed in alumina crucibles with a heating rate of 
10ºC/min in argon.  
 
  b) Nuclear magnetic resonance 
Nuclear magnetic resonance spectroscopy (NMR) is a technique used for the 
determination of atomic environments. In the presence of an external magnetic field, the 
spin states of the nuclei orient in alignment or in opposite direction relative to the external 
magnetic field (spin up or spin down). The difference in energy between the spin states at a 
given magnetic field is proportional to their magnetic moment. NMR analysis not only 
recognises the type of atoms within the molecule, it also gives information about the position 
and type of chemical bond. This is possible since the electronic environment of each nucleus 
is different and affects the magnetic field differently, requiring slightly different energies of 
the applied field, hence generating a shift on the spectra (although these energetic shifts are 
very small, usually in parts per million). Since the signals are dependent on the solvent and 
the strength of the external magnetic field, it is common use to report the peaks relative to a 
reference signal (usually tetramethylsilane or TMS which is set at 0 ppm).  
The NMR technique is mainly used for the determination of the compounds of 
organic molecules and produces well-resolved spectra which are easily predictable for small 
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molecules. The most common types of liquid NMR are the proton (1H) and the carbon (13C) 
spectra. When the nuclei are placed in a magnetic field, they absorb electromagnetic 
radiation at a characteristic frequency which depends on the isotope. Since the vast majority 
of solvents are organic solvents (hydrocarbons, which therefore contain NMR-active atoms), 
special solvents are utilised in order to remove the excess signal that they would generate. 
In the case of 1H-NMR for example, deuterated solvents are used to replace the majority of 
the protons with deuterium (2H) which is much less sensitive. In this way, only the signals 
from the residual protons of the sample under measurement are observed. Although there 
are different deuterated solvent that may be used, the most common are CDCl3, D2O and 
DMSO-d6.  
In this work the spectrometer used to collect 1H-NMR spectra was a 400 MHz Bruker 
NMR spectrometer and analysis were performed using deuterated dimethyl sulfoxide 
(DMSO-d6). 
 
  c) Fourier-transform infrared spectroscopy  
Infrared spectroscopy (IR) involves the absorption of infrared radiation by matter for 
the study of the chemical composition. Typically this spectroscopy uses the Fourier-
transform (FT), a mathematical process that allows to reduce the noise during the acquisition 
of high resolution data over a wide spectral range (without the need of using a 
monochromatic beam). The spectrum can be visualised in both transmittance and 
absorbance versus either wavelength or frequency. The main principle of this technique is 
that specific chemical structures absorb at specific frequencies, producing spectra which 
describe the chemical properties of the molecule, for which the main functional groups can 
be easily recognised. This signals are therefore called ‘fingerprints’ as they are specific for 
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certain chemical bonds, however, the energies may be affected by the potential energy 
surface, the masses of atoms, the shape of the molecule and the strength of the bond.  
In order for the chemical to be infrared active it must have a dipole moment: a 
molecule can vibrate in numerous ways (vibrational modes), which can be detected in 
different parts of the spectra. The main vibrations involve stretching (radial vibrations that 
can be symmetric and asymmetric) and bending (scissoring and rocking for the latitudinal 
bending and wagging and twisting for the longitudinal bending). Therefore molecules 
having only one bond and only one vibrational band will not be recognised (for example N2 
since it is diatomic, linear and symmetrical). Usually FT-IR is measured in liquid or in solid 
states. In the case of liquid IR, a liquid-cell can be employed whereas the solid state 
measurement is performed on a small quantity of powders (in order to avoid saturation of 
the signal) mixed in a material transparent to IR radiation (for example KBr), which is then 
pressed into a compact tablet. However, modern instruments enable the measurement of 
solid powders and liquid directly in their state, using and attenuated total reflection (ATR) 
technique, avoiding the problem of the attenuation by highly absorbing materials. By using 
an ATR crystal (which requires to have higher reflective index compared to that of the 
sample) and adopting a certain angle, the changes and the attenuation of the IR light that 
reflects when the beam reaches the sample, are measured with a detector.  
In this work powders were analysed on a Thermo Scientific Nicolet iS50 FT-IR 
spectrophotometer provided with diamond crystal/built in all-reflective diamond ATR. All 
spectra were obtained in absorbance mode and then converted to transmittance mode. 
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4.5. Solar cell characterisation  
This section presents the main techniques used in this thesis for the characterisation 
of solar cell devices and describes how perovskite solar cells were protected by the 
environmental degradation during these measurements.  
 
4.5.1. J-V measurement 
Current-voltage (I-V) or current density-voltage (J-V) measurement were performed 
to evaluate the rectification behaviour and the efficiency of solar cell devices using AM1.5 
illumination spectrum with an intensity of 1000 W/m2. The calibration of the light intensity 
was performed using a GaAs reference cell. 
The J-V curves were obtained measuring the current from the device during a voltage 
sweep from -1 to +1 V and using a scan rate of 0.19 V/s. Scans were performed in both 
forward (from -1 V to +1 V) and reverse (from +1 V to -1 V) directions, in order to evaluate 
the hysteretical behaviour of the perovskite devices. Rectification trials were performed in 
the dark, whereas efficiency evaluations were performed under light. In this work a TS Space 
Systems and an Oriel Instrument 81160 solar simulator calibrated at AM 1.5 were utilised 
and device measurements were carried out using a Keithley 2400 source meter and LabView 
software to extract the J-V parameters: PCE, VOC, JSC and FF.  
 
a) Stabilised efficiency measurements  
In perovskite solar cells the efficiency of the devices requires a steady-state reading, 
since the efficiency measured by common J-V curves has been found to vary with the voltage 
sweep rate, the scanning direction (positive or negative) and the history of light exposure of 
the sample (i.e. whether cells were in the dark or under light soaking just before the 
reading).10 In order to determine the stability of the efficiency over time, measurements of 
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the current density were performed by measuring 1000 consecutive points, resulting in ~70 
seconds of measurement time (depending on the scan rate). The measured points were 
limited to a maximum of 1000, by the J-V software used. The voltage used for this purpose 
was a set value corresponding to the voltage at maximum power point (Vmpp) obtained from 
a J-V curve measurement. Therefore the current measured at the maximum power point 
(Impp) is easily transformed into Jmpp dividing by the contact area. Hence the PCE, is given 
by PCE = (Jmpp·Vmpp)/Pin.  
 
4.5.2. EQE measurement 
In this work a Bentham PVE300 EQE system operating with a 0.75 mm2 slit and 
using a BenWin+ remote control software was utilised. The typical wavelength range was 
300 – 900 nm. 
 
4.5.3. C-V measurement 
Capacitance-Voltage (C-V) measurement was used in this thesis for the 
determination of the carrier concentration (N) of MAPI/silicon heterojunctions. C-V 
measurements were performed in the dark using Solartron SI 1260 impedance analyser using 
an interface SmartLab software from which the impedance was calculated applying a 
frequency of 105 Hz and a voltage sweep (DC) from -1 V to +1.5V. 
Once the measurements were taken, the data were introduced in a self-made Origin 
template for the fabrication of C-V and 1/C2 plots, from which it was possible to determine 
the carrier concentration (using Equations 2.20 and 2.44 for the one-sided and two-sided 
junctions respectively). The following dielectric constants were utilised:  
- In the case of the one-sided junction the dielectric constant of the silicon was used, this 
being 11.7.11 
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- In the case of the two-sided junction the dielectric constant of both silicon and MAPI 
were used these being 11.7 and 24.1 respectively.11,12 The junction was assumed to be 
half in the silicon and half in the MAPI, although this is a simplification as the exact 
depletion width in each part is not known.  
 
4.5.4. The air-tight box 
The air-tight box was built with the intention to protect perovskite devices that are 
easily affected (degraded) by environmental conditions, such as oxygen and water. Samples 
were introduced in the box inside a glovebox and therefore remained sealed in a nitrogen 
(inert) environment when the box was taken to air for the device measurement. In particular, 
the box was utilised for the measurement of MAPI and CsPbI2Br solar cells with the p-i-n 
superstrate device configuration, whereas silicon/MAPI heterojunctions could not be used 
within the box due to their substrate configuration. 
Fig. 4.3, shows a photograph of the box, which may contain up to 4 samples: for each 
sample there are 5 gold coated pins, 1 for the front contact (ITO) and 4 for the back contact 
(gold). Each pin is connected to wires that through a feedthrough are connected to a box 
(Fig. 4.3, top right) that allows to select one contact at the time. The samples are positioned 
in the box and then pushed onto the pins using an aluminium plate which is hold in place 
using 4 screws. This aluminium plate masks the samples, except for the holes of 2 mm Ø 
which are positioned in correspondence of the gold contacts of the devices. During the 
measurement, light from the solar simulator or the EQE kit passes through a quartz plate 
positioned on top of the sample holder. Quartz was favoured to glass because it is more 
transparent. Once light reaches the samples, the current that is produced from the devices is 
sent through electrical connections to the measurement kits.  
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This nitrogen filled box was helpful for the measurement of devices: results were not 
affected by environmental degradation and could protect samples for up to 3 days, allowing 
further measurements to be taken.  
For J-V measurements with the air-tight box only the Oriel Instrument 81160 solar 
simulator was utilised.  
 
Fig. 4.3. Photograph of the air tight box used for J-V or EQE measurements with closed 
(top) and open (bottom) lid. The solar cells were loaded into the box in the glovebox and 
transferred to the solar simulator or EQE apparatus for measurement. The sample are held 
down by an aluminium plate with holes to allow light to reach the sample in correspondence 
of the spring gold pins.  
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5.  Methylammonium lead iodide films, 
devices and degradation studies 
 
 
 
 
 
 
 
 
 
5.1. Introduction 
This chapter presents a study on methylammonium lead iodide (CH3NH3PbI3 or 
‘MAPI’) perovskite materials conducted mainly between 2014 and 2015.  During these 
years, research on finding the best deposition methods was still ongoing and more 
importantly, it was not clear how the degradation of MAPI was taking place, i.e. the factors 
responsible for material degradation were unknown. This chapter therefore presents a study 
focused on the preparation and characterisation of MAPI films and their degradation 
processes. Whilst a full literature review on this perovskite material is presented in chapter 
3, the main concepts necessary for understanding the experiments conducted in this work 
are summarised below. 
 
Since Miyasaka’s group1 produced the first perovskite solar cell in 2009, MAPI film 
deposition was improved by numerous research groups worldwide. The deposition 
technique most widely used at the time was spin-coating and the main aspects for the 
improvement of the perovskite film’s quality addressed in the literature were the 
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concentration of the precursor solution, the annealing time and the annealing temperature of 
the perovskite thin films.2–5 In particular, it was found that the higher the annealing 
temperature, the lower the concentration of pores in the structure and the bigger the crystal 
grains were. However, beyond 100°C decomposition of MAPI occurs – an indication of the 
low thermal stability of these organic-inorganic perovskites. Another important technique 
that was used in the literature to improve the film quality was the anti-solvent method, which 
involved the dripping of an anti-solvent on the spinning perovskite precursor layer to 
improve the crystallinity of the film. One of the best solvents used for this purpose was 
toluene.6–8 By changing all these variables during the preparation of the films, the perovskite 
surface coverage and crystallinity were improved and strongly contributed to an 
improvement of the device current density, increasing the device performance.  
In this chapter, MAPI films were prepared using one-step and two-step solution 
processed spin-coating techniques in order to identify which produced the best devices. First, 
the film’s crystallinity was optimised by using different annealing conditions and anti-
solvent treatment and then the MAPI thin films were used for the fabrication of perovskite 
solar cells. A p-i-n device configuration was employed, using spiro-OMeTAD as the hole 
transporting material (p), MAPI as the photon absorber (i) and TiO2 as the electron 
transporting material (n). This device architecture (glass/TCO/TiO2/MAPI/spiro-
OMeTAD/metal contact) was the main used in literature for the fabrication of MAPI 
perovskite solar cell devices9,10 and is still used frequently.  
While organic-inorganic perovskite materials showed great perspectives for the 
fabrication of highly performing solar cell devices, their instability under ambient conditions 
was observed at very early stages of research.11 Nevertheless, the initial success of these 
materials made researchers focus mainly on the improvement of the solar cell 
performances12,13 rather than trying to understand the causes of the perovskite’s degradation 
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and its mechanism. In 2014 Grätzel et al.11 stated that it was important to determine the 
perovskite environmental stability and in the same year, M. A. Green et al. demonstrated 
that organic-inorganic perovskites underwent degradation in a short time when exposed to 
moisture and ultraviolet radiation,14 but without mentioning the exact conditions or 
mechanism of the degradation. Numerous studies about the stability of CH3NH3PbI3 and 
similar perovskites were ultimately initiated,15 one of which was performed at the University 
of Liverpool and is presented in this chapter.  
A preliminary study of the degradation of CH3NH3PbI3 was performed on films 
prepared with the two different deposition techniques. Once the film type that showed higher 
predisposition towards degradation was identified, detailed studies on the degradation 
processes were performed. The reason for this was to a) identify which deposition technique 
showed better stability and b) to study the perovskite stability on the most susceptible MAPI. 
Therefore, a comprehensive study of the degradation of the one-step solution processed 
films was conducted by isolating suspected degrading factors, such as oxygen, water vapour 
and light.  
The degradation experiments were performed only on MAPI layers and not on the 
solar cell devices, as the goal of this study was to identify the cause of the intrinsic 
degradation of the perovskite material, without considering the other components of the 
solar cell device.  
 
5.2. Experimental methods 
 
5.2.1. Methylammonium iodide synthesis 
MAPI’s organic precursor, methylammonium iodide (CH3NH3+I- or MAI), was 
synthesised by adding HI (57% wt. in H2O, Merk) drop by drop to a CH3NH2 solution (33% 
wt. in EtOH, Merk), until a molar ratio of HI/CH3NH2 1:1 was reached.
16  
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The reaction was conducted in a round bottom flask covered with ice (~0°C) for 2 
hours, using fast stirring as the reaction is exothermic. The products were recovered by 
evaporating the solvent and diethyl ether was added drop by drop as anti-solvent to start the 
crystallisation. The white crystals were then recovered by filtering. A second crystallisation 
with anti-solvent was then performed to improve MAI’s purity and the crystals were filtered 
with a Büchner filter. Finally, the crystals were dried overnight in a vacuum oven at 70°C 
and then stored in a nitrogen glovebox, due to the material’s hygroscopic properties.  
The purity of the synthesised material was verified on the powders using X-ray 
diffraction and infrared spectroscopy (FT-IR).  
As the material synthesis was time consuming, commercial MAI (Solaronix) was 
later purchased and used for perovskite synthesis. FT-IR and XRD analyses of the 
commercial product were performed, for comparison with the synthesised MAI. 
 
 
5.2.2. Fabrication of MAPI thin films  
 
Thin films of MAPI were deposited onto either quartz covered glass (20 nm of 
synthetic quartz covering a glass substrate, Ossila Ltd.) or ITO covered glass (20 x 15 mm2 
glass slides, 14-16 Ω/□, Ossila Ltd.) for the material characterisation and for degradation 
studies. The substrates were cleaned (as described in section 4.1.1) and then the perovskite 
solution was deposited inside a nitrogen filled glovebox. The deposition was performed 
using spin-coating (section 4.2.1) using two different methods: the one-step solution 
process, which involves the spin-coating of one single precursor solution on top of the 
substrate, and the two-step interdiffusion process or two-step solution process, where first a 
precursor solution of PbI2 was deposited followed by the spin-coating of MAI. In both cases, 
fresh solutions were prepared each time, to avoid ageing effects that may influence the 
properties of the MAPI films.  
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The procedures are explained in detail below. It is acknowledged that the recipes 
were inspired by procedures presented in the literature and then adjusted.  
 
  a) One-step solution process 
Lead iodide (PbI2, 99%, Merk, 461 mg), methylammonium iodide (MAI, Solaronix, 
159 mg), dimethyl sulfoxide (DMSO, anhydrous ≥ 99.9%, Merk, 78 mg) were mixed in 
1:1:1 molar ratio in N,N-dimethylformamide (DMF, anhydrous 99.8%, Merk, 600 mg).6,17 
The solution was stirred at 50°C for 30 minutes, filtered using a 0.22 μl 
polytetrafluoroethylene (PTFE) filter and then dynamically spin coated (50 μl) at 4000 rpm 
for 25 seconds onto a quartz coated glass slide for film characterisation, or on 
glass/ITO/TiO2 substrate for device fabrication. Immediately after the spin-coating process, 
the samples were placed on a hot plate for annealing, for 1 minute at 65°C and then 2 minutes 
at 100°C.17 Contrarily to Hwang et al. (ref. 17) the recipe adopted in this work did not use 
diethyl ether during the spinning of the sample.  
For simplicity this technique is called ‘one-step process’ from here on.  
 
i) One-step process with anti-solvent treatment 
The quality of one-step films was improved by using an anti-solvent treatment. A 
PbI2/MAI/DMSO (1:1:1) solution was prepared in DMF as described above. During the 
spin-coating process (50 μl, 6000 rpm for 50 seconds, dynamic), 500 μl toluene was spun 
over the film, 250 μl immediately after the perovskite precursor solution and 250 μl after 10 
seconds. Annealing on a hotplate at 100°C for 1 hour followed.  
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 b) Two-step solution process 
The two-step process is named as such since the perovskite film is formed by 
depositing two different precursor solutions, one on top of the other: only when the second 
solution is spin-coated on top of the first layer a chemical reaction takes place forming the 
MAPI perovskite film.  
The two solutions are: a) PbI2 40% wt. in DMF and b) MAI 4% wt. in isopropyl 
alcohol (IPA, > 99.7%, Merck). Both were stirred at 50°C and then the PbI2 solution was 
filtered with a 0.22 μl PTFE filter because the solution was turbid. While the preparation of 
the solution was prepared with our own recipe, the deposition technique was inspired by Z. 
Xiao et al.18 50 μl of the pre-heated PbI2 solution (75°C) was dynamically spin-coated at 
6000 rpm for 35 seconds on a pre-heated quartz coated glass or glass/ITO/TiO2 sample 
(75°C). Following the first deposition, the samples were immediately annealed on a hot plate 
at 100°C for 10 minutes. When the samples were cooled to room temperature, 70 μl of pre-
heated MAI solution (~50°C) was spin-cast on to them (static, 6000 rpm, 35 seconds) 
followed by annealing at 100°C for 15 - 60 minutes: the annealing temperature study is 
shown in section 5.3.2. 
For simplicity this technique is called ‘two-step process’ from here on.  
 
MAPI layers were finally characterised by XRD, UV-Vis-IR spectrophotometry and 
SEM. Furthermore, XPS measurements were performed on MAPI films deposited onto 
molybdenum foil (section 4.4.1). 
 
5.2.3. Thin film degradation conditions and analysis 
In order to identify the degradation factors of MAPI layers, selected environments 
were chosen in order to systematically identify the causes of degradation. The conditions 
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described as ‘dark/air’, ‘desiccator’, ‘UV/N2’ and ‘UV/O3’ are described in detail in chapter 
4 and are summarised in Table 5.1. 
Preliminary studies performed on films prepared with the one-step and the two-step 
process involved the study of the effect of ‘dark/air’ and ‘UV/N2’ conditions after one week 
of exposure. These were compared to ‘as grown’ samples (i.e. freshly prepared MAPI films) 
and ‘ambient’ samples, hence films left in the lab environment conditions for one week. 
Once it was determined which perovskite layer was most affected by the degradation effects, 
a full range of experiments were utilised. Films were exposed to ‘UV/O3’, ‘UV/N2’, 
‘dark/air’ and ‘desiccator’ conditions for one week and one month before being analysed.  
MAPI degraded layers were characterised visually, by XRD and UV-Vis 
spectrophotometry (section 4.4.1). 
 
 
5.2.4. Device fabrication 
A total of 145 devices were fabricated using different procedures, but the most 
successful recipe was as follows: all device layers were spin-coated onto an unpatterned ITO 
covered glass substrate (20 x 15 mm2, 14-16 Ω/□, Ossila Ltd.), one by one to form the 
superstrate device. After gold evaporation, the structure was: glass/ITO/TiO2/MAPI/spiro-
OMeTAD/Au, as shown in Fig. 5.1a. The perovskite layers were deposited as explained in 
5.2.2, and the recipes for preparing the electron and hole transporting material layers, TiO2 
and spiro-OMeTAD, are described below. 
 
  a) c-TiO2 preparation and deposition 
Two solutions with different concentrations (0.15 M and 0.3 M) of titanium(IV)-
isopropoxide (97%, Merk) in ethanol (95%, Merk) were prepared inside a glovebox. Starting 
with the lower concentrated solution and proceeding with the higher, 50 μl of each solution 
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was dynamically spin-coated onto the ITO covered glass at 3000 rpm for 30 seconds and 
then annealed at 100°C for 10 minutes. Between the first annealing and the spin-coating of 
the second solution, the samples were left to cool down. Finally, samples were annealed at 
550°C inside a box furnace in air for 30 minutes. This produced layers with a thickness of 
100 - 130 nm. The compact titania (c-TiO2) covered samples were finally cooled down in 
air and re-introduced in the glovebox for the perovskite layer deposition.  
TiO2 layers were also prepared by depositing only the 0.3 M Ti-isopropoxide 
solution, which produced layers ~50 nm thick. Both thicker and thinner layers of TiO2 were 
used to prepare MAPI devices and the optimal thickness of TiO2 was finally chosen by 
analysing the J-V responses of each one-step and two-step solution processed MAPI devices. 
 
 b) Spiro-OMeTAD preparation and deposition 
Once the perovskite layer was deposited onto TiO2, a spiro-OMeTAD solution was 
prepared and then spin-coated inside a nitrogen glovebox.  
First, 1 ml of chlorobenzene (anhydrous 99.8%, Merk) was added to 92 mg of spiro-
OMeTAD powder (2,2',7,7'-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-
spirobifluorene, 99%, Merk) and then dopants were added to the solution: 13 μl of 4-tert-
butylpyridine (96%, Merk) and 13 μl of a solution of lithium 
bis(trifluoromethane)sulfonimide (Li-TFSI, 99.9%, Merk)  in acetonitrile (anhydrous 
99.8%, Merk)  (520 mg/ml).19 The solution was quickly stirred and, as soon as the solution 
became limpid, 50 μl were dynamically spin-coated at 3000 rpm for 30 seconds. No 
annealing was used. Finally, the device was moved inside a desiccator overnight (RH ≤ 
15%) to allow spiro-OMeTAD’s oxygen doping, which increases the polymer’s 
conductivity.20  
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50 nm thick gold contacts were deposited by thermal evaporation, in 3 mm Ø dots. 
However, as the contacts were masked to provide accurate results during the J-V and EQE 
measurements, the final contact area was of 0.0314 cm2 (2 mm Ø dots). Normally, each 
sample had four metal contacts, as shown in the photograph of a device seen from the back 
contact side, in Fig. 5.1b.  
Devices were loaded in a nitrogen filled box (section 4.5.4) and then measured by J-
V (with AM1.5 illumination, using a scan rate of 0.19 V/s) and EQE (section 4.5.1, 4.5.2) 
analyses. 
 
 
Fig. 5.1. MAPI device structure fabricated in this work. a) Diagram of the ‘superstrate’ 
device architecture. b) Photograph of a device (20 x 15 mm2), showing four gold dots (back 
contacts) on the glass/ITO/TiO2/MAPI/spiro-OMeTAD/Au device. The top strip is the bare 
ITO area used for contacting (front contact). 
 
 
 
 
5.3. Results 
5.3.1. Methylammonium iodide characterisation 
Methylammonium iodide (MAI), also called methylamine hydroiodide (CH3NH3
+I- 
or CH3NH2·HI) is MAPI’s organic precursor which was initially synthesised in the 
laboratory and later purchased for simplicity. The synthesis, described in section 5.2.1 was 
followed by characterisation of MAI powders by XRD and FT-IR, with results shown in 
Fig. 5.2. 
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Fig. 5.2a presents the powder XRD analysis comparing the synthesised and the 
commercial MAI compounds to the reference peaks of the tetragonal crystal system of MAI, 
reported by the XRD software database. The reference peaks match perfectly the ones from 
synthesised and commercial products with there being only inconsequential difference in 
preferred orientations. 
FT-IR results obtained from the synthesised and commercial powders present 
similarities to the reference spectra, as shown in Fig. 5.2b.21 All compounds show the same 
main peaks, these being  N-H, C-H and C-N stretching (~3100 cm-1, 2960 cm-1 and 1400 
cm-1 respectively) and N-H and C-H bending (1560 - 1480 cm-1 and ~1460 cm-1 
respectively).22 The broad peaks at around ~900 cm-1, 1500 - 1650 cm-1, 2750 – 3500 cm-1 
correspond to water, meaning that the products were not properly dried, in particular in the 
case of the commercial MAI. The small peak at ~3900 cm-1 for the commercial product and 
the intense peak present in both commercial and synthesised MAI at ~2400 cm-1 corresponds 
to CO2, due to the measurement being performed in air. Furthermore, it should be noted that 
the different intensities of the peaks are related to the quantity of powder used for the 
measurement.  
XRD and FT-IR results reveal that the synthesis of MAI was performed correctly, 
producing a pure crystalline product. Therefore both commercial and synthesised MAI were 
usable for the preparation of MAPI, leading to perovskite thin films with similar properties.  
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Fig. 5.2. Commercial and synthesised MAI powder characterisation and comparison with 
reference data. a) Powder XRD analysis showing tetragonal crystal system peaks for both 
powders, matching the reference pattern (X’Pert HighScore PANalytical reference code: 00-
010-0737). b) FT-IR analysis indicating the main stretching and bending bonds of MAI: 
reference peaks21 matching for both synthesised and commercial materials.  
 
 
 
5.3.2. Methylammonium lead iodide thin films 
  a) One-step process vs two-step process 
The characterisation of MAPI thin films commenced using XRD to confirm the 
crystal structure and to identify the suitability of the preparation procedures of the films. As 
little was known about MAPI perovskite properties when this study was started, the 
determination of the perovskite crystal structure was performed by comparison with XRD 
patterns presented in the literature, rather than by comparison with a reference spectrum 
from X-ray diffraction databases. The thin film XRD patterns obtained from MAPI prepared 
with the one-step and the two-step processes are shown in Fig. 5.3. The patterns were 
comparable to those found in the literature and were indexed by comparison, as shown in 
Fig. 5.3a.23,24 The most intense Bragg peaks (110) and (220) at 14.1° and 28.5° 2θ 
respectively, in combination with the less intense (310) at 31.93° 2θ and (330) at 43.2° 2θ 
peaks, confirmed the tetragonal structure with a preferred orientation. This is the stable 
structure of MAPI at room temperature.24,25  
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The peak at 12.6° 2θ, present solely in the XRD pattern of the MAPI produced with 
the two-step deposition method (Fig. 5.3a), corresponds to PbI2. The same PbI2 peak can be 
observed also in Fig. 5.3b, which shows the effect of increasing the annealing time. In 
addition to the lead iodide peak, the pattern also contains a broad peak at ~44° 2θ, which is 
related to second precursor: methylammonium iodide. Both peaks progressively decrease 
with increasing the annealing time and almost disappear after 60 min of heating at 100°C. 
These results reveal that at annealing times < 60 minutes the precursors did not have time to 
react and therefore the minimum time necessary to complete the reaction between PbI2 and 
MAI to form MAPI using the two-step solution process is one hour. Therefore this was the 
annealing time chosen to use for the preparation of the two-step interdiffusion process MAPI 
for all experiments shown next.   
 
Fig. 5.3. XRD analysis on MAPI films. a) The graph shows the XRD patterns obtained with 
the one-step and the two-step recipes, revealing for both that a tetragonal structure was 
formed, this being consistent with literature reports for MAPI. Miller indices are assigned 
for the main perovskite peaks24,26 and the legend shows all assignments. b) MAPI films 
prepared with the two-step process using different annealing times, showing a progressive 
reduction of the PbI2 peak at 12.6° 2θ to the minimum obtained at 60 minutes. 
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Following the analysis of the crystal structure, optical characterisation was 
performed by UV-Vis spectrophotometry, as shown in Fig. 5.4. The transmittance and 
reflectance curves in Fig. 5.4a show that higher transmittance was achieved with MAPI films 
prepared with the two-step process. These data were used to calculate the absorption 
coefficient (for 300 nm thick films for both deposition techniques), and the curves are shown 
in Fig. 5.4b. The absorption coefficients are of 7.5·104 – 1.2·105 cm-1 and 2.5·104 - 9·105 cm-
1 in the visible range for MAPI prepared with the one-step and two-step processes 
respectively. Moreover, Fig. 5.4a and b show a distinctive absorbance cut off for both 
samples at ~780 nm, which corresponds to the band edge. A more precise estimate of the 
band gap was made using a Tauc plot using the relation appropriate for a direct-gap 
semiconductor, which has been shown to be appropriate for MAPI.27 The Tauc plots of 
MAPI perovskites prepared with the two different recipes (Fig. 5.4c), show that the band 
gap of samples prepared with the one-step process was 1.57 eV, while the band gap of the 
MAPI made with the two-step process was 1.61 eV. These are both self-consistent and 
comparable to literature values.28 
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Fig. 5.4. Optical measurements on MAPI thin films made with the one-step and the two-
step process: a) transmittance and reflectance, b) calculated absorption coefficient and c) 
Tauc plot, yielding band gaps of 1.57 eV and 1.61 eV for MAPI prepared with the one-step 
and the two-step deposition methods respectively. 
 
XPS measurements were performed on MAPI thin films with the aim of 
understanding the band properties of the material, and the results are shown in Fig. 5.5. 
While XPS measurements are normally used for chemical environment analysis, in this 
particular experiment it was used to evaluate the valence band position (VB) relative to the 
Fermi level (EF) which is arbitrarily positioned at 0 eV. The evaluation of the difference 
between these energies provides information on the Fermi level position in the band gap, 
which was measured optically. The difference was of 0.89 eV and 0.87 eV (± 0.01 eV) for 
the one and two-step process respectively, as shown in Fig. 5.5. Since the optical band gaps 
were 1.57 eV and 1.61 eV for the one and two-step process respectively, and considering 
that for a material to be intrinsic the Fermi energy should be positioned in the middle of the 
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band gap (Eg/2), it may be concluded that the Fermi level of the two perovskites is positioned 
slightly above mid gap for both samples. Therefore both may be considered slightly n-type, 
but nearly intrinsic, as shown in Fig. 5.5c and d.  
However, the XPS measurement determines the properties of the surface, hence the 
position of the Fermi level may differ in the bulk. In addition, the position of the Fermi level 
is calculated in respect to the band gap, which was determined optically. Since optical 
measurements are affected by error (depending on which linear part of the Tauc plot is 
fitted), the overall determination of the Fermi level position may be affected by error.    
 
Fig. 5.5. XPS determination of the valence band energy. As the Fermi level is considered to 
be at 0 eV, the difference between valence band (last peak before 0 eV) and Fermi energy 
can be measured, this being 0.89 eV for the MAPI prepared with the one-step process (a) 
and 0.87 eV for the MAPI prepared with the two-step process (b). c) and d) show the band 
diagram of MAPI using the optical band gaps and XPS Fermi level positions for both one 
and two-step materials.  
 
Electron micrographs of MAPI made with the one-step and the two-step processes 
are shown in Fig. 5.6. A comparison of the films shows that those fabricated with the two-
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step process produce higher quality films. Crystal grains are discernible in both layers, in 
particular form Figs. 5.6c and f. These show large crystals, but with numerous pin-holes for 
MAPI one-step (up to ~500 nm) and small but highly uniform crystals for the MAPI films 
prepared with the two-step process (~100 – 150 nm). However, the two-step thin films show 
bright spots uniformly located on the film’s surface, these being ~100 nm Ø. Since the films 
contain unreacted lead iodide (see XRD in Fig. 5.3), these spots may be due to bright atomic 
number contrast from this. 
 
Fig. 5.6. SEM images of MAPI produced with the one-step and the two-step processes. The 
electron micrographs show that larger crystals were produced with the one-step process, but 
higher uniformity in layers was produced with the two-step process.   
 
  b) Anti-solvent treatment on MAPI one-step solution process 
MAPI thin films prepared with the one-step process using an anti-solvent treatment 
(toluene) showed a different visual appearance compared with the films without the addition 
of toluene, these being black but presenting a shiny mirror-like surface, as shown in the inset 
of Fig. 5.7a. The highly reflective layer and the camera used to take the picture can be seen. 
The films were compared to the simple one-step process by XRD and SEM analysis as 
shown in Figs. 5.7a-c. The XRD pattern shows the presence of sharp MAPI peaks which are 
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comparable to those shown in Fig. 5.3, confirming that the crystal structure does not change. 
The crystallinity observed in Figs. 5.7b and c is higher than for that observed in Figure 5.6a-
c, with the toluene treated MAPI films showing highly compact crystals with size of ~100 
nm Ø and without pin-holes. 
 
Fig. 5.7. Characterisation of MAPI prepared with the one-step process and treated with 
toluene. a) XRD pattern showing MAPI peaks with inset showing the visual appearance of 
a black, shiny MAPI layer deposited on a 20 x 15 mm2 substrate. b,c) SEM analysis 
conducted on MAPI one-step process thin films treated with toluene, showing different 
magnifications: 1 μm (b) and 100 nm where well defined and stacked crystals can be 
observed (c). 
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5.3.3. Methylammonium lead iodide thin film degradation 
MAPI thin films were observed to have poor stability when removed from the 
nitrogen environment and exposed to air, which was easily observed as the appearance of 
the films changed from black to yellow after few days in air, as shown in Fig. 5.8. 
 
Fig. 5.8. Photographs of a fresh MAPI layer (black) and degraded MAPI layer (yellow). The 
samples are 20 x 15 mm2. 
  
Preliminary studies on the stability of MAPI were conducted on layers prepared with 
both deposition processes presented in the previous sections. The main goal of these 
introductory experiments was to identify the MAPI layer which could better withstand 
degradation conditions. In addition, the least stable MAPI layer was used for further studies 
on the stability, as the lower stability perovskite was easier and quicker to use to ascertain 
the degradation factors that influence the structure of the material. Additional studies on the 
most unstable MAPI perovskite are shown in section 5.3.3.b.  
 
  a) Comparison between stability of one-step and two-step MAPI films 
MAPI films prepared with the one-step and the two-step processes were exposed to 
‘UV/N2’, ‘dark/air’ and ‘ambient’ conditions for one week and were then characterised by 
XRD and UV-Vis analysis, along with an ‘as grown’ control, as shown in Fig. 5.9. 
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i) MAPI one-step processed layers 
From both XRD and optical measurements on MAPI prepared with the single step 
process (Fig. 5.9a, b, c) it can be observed that samples left in ‘UV/N2’ and ‘dark/air’ 
conditions showed only minor variations compared to the ‘as grown’ sample. On the 
contrary, films left in ‘ambient’ for one week showed a complete degradation, visually 
detectable by the formation of a yellow layer. The XRD pattern of the ‘ambient’ degraded 
sample showed only a PbI2 peak at 12.6° 2θ, and the optical measurements showed a shift 
of MAPI’s band edge from ~780 nm towards ~530 nm, corresponding to the absorption edge 
of PbI2 (2.3 eV band gap). 
 
ii) MAPI two-step processed layers 
The analysis of MAPI two-step processed layers (Fig. 5.9d, e, f) showed some 
changes occurring on films exposed to ‘UV/N2’ and ‘dark/air’ and severe degradation 
occurring for films in ‘ambient’. For all conditions the XRD analysis showed an increase of 
the PbI2 peak at 12.6° 2θ and a shift of the material’s band gap. However, while for ‘UV/N2’ 
and ‘dark/air’ these changings are less noticeable, in the case of samples left in ‘ambient’ 
the effect of degradation is very pronounced: the main XRD peak at 12.6° 2θ and the shift 
of the band edge towards ~530 nm show the prevalent presence of PbI2, but nevertheless 
MAPI peaks and band edges are still recognisable. 
 
Comparing the changes detected for the one-step and the two-step MAPI layers it 
can be noted that they both showed smaller changes occurring on films exposed to ‘UV/N2’ 
and ‘dark/air’ compared to the severe degradation occurring for films in ‘ambient’. 
However, the degradation to these isolated environments (‘UV/N2’ and ‘dark/air’) is more 
pronounced in the case of MAPI prepared with the two-step process. On the contrary, 
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considering the ‘ambient’ degradation conditions, the one-step processed MAPI is 
completely degraded after one week, whereas the two-step deposited MAPI shows a 
predominant but not complete degradation, as the XRD and UV-Vis analysis still show 
peaks and a band edge belonging to the perovskite material. Nevertheless, both samples left 
in ambient conditions appeared completely yellow coloured. 
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Fig. 5.9. One week degradation analysis on one-step (a, b, c) and two-step (d, e, f) MAPI films, considering ‘UV/N2’, ‘dark/air’ and ‘ambient’ 
degradation processes, compared with the results of ‘as grown’ samples. These analysis refer to XRD (a, d), transmittance and reflectance 
measurements ((b, e) and the calculated absorption coefficient (c, f).  
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As the index of the degradation of films may be expressed by the increased 
concentration of PbI2, it was possible to quantitatively compare the degradation of the films 
prepared with the different deposition techniques. In order to determine this quantity it was 
chosen to use the area of the XRD peaks of PbI2 at 12.6° 2θ and compare it to the most 
intense MAPI peak at 14.1° 2θ, corresponding to the (110) orientation. The ratio between 
these X-ray peaks was used to determine the amounts of PbI2 in each film, using the XRD 
patterns shown in Fig. 5.9a and d. The concentrations of lead iodide determined in this way 
for MAPI layers produced with the two deposition processes, on fresh films and on films 
exposed to degradation conditions, are shown in Fig. 5.10.  
The histogram shows that PbI2 does not exist in fresh MAPI films prepared with the 
one-step solution process, but its presence is detected in the fresh two-step MAPI layers, 
amounting to 22%. This amount reveals unreacted reagent, as it was shown previously in 
the XRD analysis (Fig. 5.3) and speculated in the SEM analysis (Fig. 5.6). After one week 
of degradation in ‘UV/N2’, where the main degrading issue is represented by UV radiation 
(as N2 is inert), the situation is similar for the one-step processed MAPI (0% PbI2), while in 
the case of the two-step solution MAPI the lead iodide concentration increases to 41%. 
Similarly, in the case of ‘dark/air’ (where the main degrading factors are water and oxygen 
present in air) the PbI2 concentration rises to 9% for the one-step process and to 34% for the 
two-step process. However, in the case of ‘ambient’ conditions, the amount of PbI2 reaches 
100% in the layer prepared with the one-step process, hence no MAPI is left in this sample, 
and 89% PbI2 in the case of the two-step solution process, revealing that small quantities of 
MAPI are still present in the sample. 
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Fig. 5.10. Lead iodide concentration ratios referred to the ratio of the XRD peak areas of 
PbI2 at 12.6° 2θ and the (110) MAPI peak area at 14.1° 2θ. Ratios are shown for MAPI made 
by the one-step and the two-step processes before and after exposure to specific degradation 
conditions. 
 
 
Therefore, higher stability towards isolated confinements (‘UV/N2’ and ‘dark/air’) 
was shown from MAPI made with the one-step process, however a greater stability towards 
‘ambient’ conditions was recognised for the two-step material. Nevertheless, both MAPI 
perovskites showed similar behaviours towards all degrading conditions, hence the 
procedure used to prepare the layers does not produce great influence on the stability towards 
degrading agents. 
To conclude this section, although it is clear that the preliminary study on one-step 
MAPI films indicates that ‘ambient’ conditions degrade the films but ‘UV/N2’ and ‘dark/air’ 
conditions do not, further studies are required to identify the exact causes of the degradation. 
These follow below. 
 
 
  b) Further degradation approaches on one-step processed MAPI 
Degradation studies on MAPI prepared with the one-step process were conducted by 
exposing films to ‘UV/N2’, ‘dark/air’ and ‘desiccator’ conditions and by analysing these 
films after one week and after one month of exposure. In addition, ‘UV/O3’ analysis was 
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chosen to simulate the accelerated effects of UV and oxygen and hence it was conducted for 
only 19 minutes. All the details of the techniques used for the degradation environments are 
explained in section 4.3. 
This section shows visual appearances of the films before and after the degradation 
conditions, as well as XRD and optical analysis after one week and one month of exposure 
to the isolated environments (Fig. 5.11, 5.12 and 5.13). Furthermore a comprehensive 
summary of the degradation conditions and results of the analysis is presented in Table 5.1. 
 
i) Films with up to one week of degradation 
The fastest degradation was observed when MAPI layers were subjected to an UV/O3 
cleaner. Fig. 5.11 shows photographs of the layers taken every minute for a total of 19 
minutes (a), and the photograph of a layer kept in the UV/O3 cleaner for 19 minutes 
continuously (b). Both Fig. 5.11a and b show that the result of 19 minutes of exposure is 
deleterious for MAPI films, which completely change their colour from black to 
yellow/orange. This result reveals a strong response of the material towards UV-radiation 
combined with oxygen, which is confirmed by the results of the XRD and optical 
characterisation shown in Fig. 5.12a, b and c (orange curves). The XRD analysis on a layer 
kept in ‘UV/O3’ conditions shows a different pattern compared to the ‘as grown’ layer. It 
shows a prevalent peak at 43.8° 2θ corresponding to methylammonium iodide, and different 
band edges on the transmittance and reflectance curves, which do not correspond to those 
of MAPI. MAPI is therefore completely degraded after only 19 minutes in the UV-ozone 
cleaner. However, it should be noted that the curves obtained by the ‘UV/O3’ conditions do 
not resemble the ‘yellow phase’ curves, revealing that 19 minutes using this degradation 
condition produce degradation effects that go beyond the formation of lead iodide films.   
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Fig. 5.11. Photographs of MAPI layers produced with a one-step process, exposed to 
‘UV/O3’ conditions. a) Images of the layers introduced inside a UV/O3 cleaner taken every 
minute, for 19 minutes in total. b) Photograph of a MAPI layer before and after introducing 
it in a UV/O3 cleaner for 19 minutes continuously, showing higher degradation compared to 
(a).  
 
Further films were exposed to degradation factors for one week these being ‘UV/N2’, 
‘dark/air’ and ‘desiccator’. The effects of ‘UV/N2’ and ‘dark/air’ after one week were 
already explored in section 5.3.3.a, showing only minor changes in the MAPI properties 
mainly recognisable from a decrease in the absorption coefficient in the visible range. Layers 
kept in the desiccator also showed low levels of degradation, only recognisable by an 
increase in the PbI2 and the MAI peak intensities in the XRD analysis (12.6° and 43.8° 2θ 
respectively) and a small drop in the absorption coefficient, compared to the ‘as grown’ 
response (Fig. 5.12a and c). Therefore, little information was discovered from the analysis 
of MAPI films after one week and hence longer periods of exposure were necessary. This is 
described below. 
 
 
ii) Films after one month of degradation 
After one month of exposure in ‘UV/N2’, ‘dark/air’ and ‘desiccator’ more changes 
were detectable, as shown by the analysis presented in Fig. 5.12d, e and f and the 
photographs of the layers shown in Fig. 5.13. Starting from ‘UV/N2’, it is shown from both 
XRD and optical characterisation that films underwent considerable degradation. The XRD 
pattern becomes completely different, with a predominant peak at 43.8° 2θ corresponding 
to MAI, whereas the transmittance curve shows a band edge, which corresponds to neither 
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MAPI nor PbI2, and the absorption coefficient shows a drop in the whole wavelength range 
considered. In addition, the photograph of the layer exposed to ‘UV/N2’ shown in Fig. 5.13, 
appears white. Visual inspection of the sample reveals that the degradation under UV light 
in the glovebox produced a different degradation mechanism compared to a layer exposed 
to ambient, as the film turned white rather than yellow. This may be related to the fact that 
the UV-radiation used in the glovebox was very strong and positioned very closely to the 
sample, which may have produced a thermal degradation of the material over the long period 
of time considered.  
On the contrary, the ‘dark/air’ degradation did not show any effect beyond the weak 
degradation noticed after one week of exposure and remained fairly unchanged. This was 
confirmed by the appearance of the MAPI films, shown in Fig. 5.13, which appear black but 
less uniform that the ‘as grown’ films. Finally, the layer left in ‘desiccator’ conditions for 
one month, showed degradation detectable in the XRD pattern, showing increased PbI2 and 
MAI peaks, while the transmittance only showed a small decrease in the signal intensity. 
The same occurs for the absorption coefficient spectra, where the band edge of PbI2 is 
detectable around 500 - 550 nm, confirming the X-ray analysis and the visual appearance: 
Fig. 5.13 shows that yellow areas formed mainly in the corners of the sample, and these 
correspond to PbI2. 
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Fig. 5.12. XRD analysis (a, d), transmittance and reflectance measurements (b, e) and calculated absorption coefficient (c, f) of MAPI prepared 
with a one-step process, after one week (a, b, c) and one month (d, e, f) of exposure to degradation conditions. ‘As grown’ and ‘yellow phase’ 
are used as references for an easier interpretation of the results obtained with the isolated conditions.
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The photographs of the ‘as grown’ and degraded films in Fig. 5.13 show the overall 
trends very clearly, with the most significant changes being caused by ‘UV/N2’ and ‘UV/O3’ 
conditions which completely transformed the black MAPI phase to its degraded products.  
 
 
 
Fig. 5.13. Photographs of MAPI layers (20 x 15 mm2) prepared with the one-step process, 
comparing the ‘as grown’ black layer with the layers after one month of exposure to 
degradation conditions, with the exception of ‘UV/O3’ which lasted 19 minutes. 
 
 
Table 5.1 follows, presenting a final summary of all experiments involved in the 
degradation study on MAPI one-step films and the results obtained by confining these to 
each degradation condition. By analysing the results in Table 5.1 it is easy to identify the 
main conditions in which MAPI showed phase instability. Since the damaging effect of one 
month in ‘UV/N2’ is related to the exposure to strong UV-radiation which produced 
considerable heat, to which MAPI is unstable, by considering the effect after only one week 
it can be concluded that UV-radiation by itself does not cause severe degradation, but heat 
does. For this reason, samples after one month exposure to UV/N2 appear white (Fig. 5.13) 
rather than yellow (MAPI’s degradation colour). Furthermore, MAPI films left in the dark 
in air, do not show any degradation even after one month. This infers that MAPI degradation 
is not caused by air, and therefore water or oxygen alone, which are the most reactive 
molecules present in air, are not responsible for degrading the material. However, when light 
and air are combined the effect on MAPI is different. Samples left in the desiccator (lab 
lighting and air with reduced water concentration) show little degradation after one week 
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and significant degradation after one month, revealing that the combination of even limited 
UV-radiation in the presence of air (i.e. O2), is capable of producing changes in MAPI’s 
structure. Concordantly, samples introduced in a UV-O3 cleaner show quick and remarkable 
degradation even after few minutes. This aggressive environment was purposely selected to 
confirm the effects of UV-radiation with extremely reactive oxygen and results have shown 
that this environment produced the most degradation in MAPI. The use of such intense 
conditions however, caused the MAPI films to go beyond normal degradation processes, 
showing XRD pattern and absorption curves that do not match the ‘conventionally’ degraded 
ones (yellow phase).  
It can be therefore stated that the main degradation conditions for MAPI were 
identified, these being the combination of UV light and oxygen, confirming the results in 
the most recent literature. However, moisture which is the other important condition that in 
the literature was found to influence MAPI’s stability,29 did not show an effect on the MAPI 
layers prepared in this work. It should be noted however that the effect of the material’s 
exposure to high quantities of water vapour was limited, as none of the isolated degradation 
conditions used in this work presented high levels of water vapour to the samples.  
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Degradation conditions Characterisation 
Test Illumination Containment Atmosphere UV, O2 
and/or H2O 
Duration Visual XRD Optical Conclusion 
“UV/O3” UV lamp UV-ozone 
cleaner 
Dry air 
with ozone 
UV, O2 19 
minutes 
Yellow/Orange MAI peak 
prevailing 
Complete 
change 
UV and oxygen 
quickly and 
radically change 
the MAPI 
structure 
“UV/N2” UV lamp Glovebox N2 UV One week Slightly 
discoloured 
but black 
No change No change Long exposure 
to UV radiation 
completely 
changes the 
MAPI structure 
One 
month 
Decoloured, 
white 
MAI peak 
prevailing 
Complete 
change 
“Dark/air” None Wrapped 
petridish in 
drawer 
Air 
(RH > 15%) 
O2, H2O One week No change No change No change Humidity and/or 
oxygen do not 
affect the MAPI 
structure One 
month 
No change No change Slightly 
shifted Eg 
“Desiccator” Lab lighting Desiccator 
(silica gel in 
transparent 
container) 
Air 
(RH < 15%) 
O2 
(low [H2O]) 
One week Some yellow 
phase on 
corners 
MAI peak 
start to 
appear 
No change Combination of 
ambient light 
and oxygen 
change the 
MAPI structure 
One 
month 
Yellow phase 
on corners 
MAI 
peaks 
prevailing 
Slightly 
shifted Eg 
Table 5.1. Summary of the result of degradation trials on MAPI prepared with a one-step process. The most important degradation factor was 
identified as ‘UV/O3’, with only 19 minutes needed to completely change the MAPI appearance and film analysis.  
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This section may be therefore concluded by stating that MAPI layers showed high 
susceptibility to combined light and oxygen, but either factor on its own does not affect the 
perovskite. A further discussion on the suggested mechanism for the degradation of MAPI 
is deferred to section 5.4. 
 
5.3.4. Methylammonium lead iodide devices 
Devices were fabricated with the following structure: glass/ITO/c-TiO2/MAPI/spiro-
OMeTAD/Au for both MAPI one-step and two-step processed thin films.  
Table 5.2 presents the average and best J-V device parameters for the one-step and 
the two-step process devices. Averages were measured from 25 devices fabricated on 
different days using the same procedure (see section 5.2.4), but showed considerable 
consistency. The best J-V curves obtained with these devices are shown in Fig. 5.14.  
The average device results were affected by the TiO2 thicknesses. In the case of 
MAPI prepared with the one-step process, devices produce higher average performances 
with thinner TiO2 layer (50 nm), these being 3.63% compared to the 1.15% PCE obtained 
using the thicker TiO2. The best J-V curve for MAPI one-step process devices (Fig. 5.14a) 
showed 8.22% PCE, VOC = 0.88 V, JSC = 20.83 mA/cm
2, FF = 44.8% using the 50 nm TiO2 
layer, and 3.59% PCE, VOC = 0.70 V, JSC = 11.15 mA/cm
2, FF = 45.9% using the 100 nm 
layer of TiO2. Nevertheless, both curves shapes indicate poor shunt and series resistance and 
this is manifested by the average FF values being extremely low: 29.4% and 27.8% for 50 
nm and 100 nm TiO2 thickness respectively.  
In the case of MAPI prepared with the two-step process, the J-V parameters (Table 
5.2) show that the highest device performances are reached in devices containing 100 nm 
TiO2. An example is shown from the J-V curves (Fig. 5.14b), in which the highest PCE 
(8.45%, VOC = 0.98 V, JSC = 16.57 mA/cm
2, FF = 52.1%) of the 100 nm TiO2 device 
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outperforms the devices with the 50 nm layer (1.28% best PCE, VOC = 0.82 V, JSC = 6.65 
mA/cm2, FF = 23.3%). As shown in Table 5.2, the main reason for the considerable rise in 
performance in the devices with the thicker TiO2 layer, is due to the increased VOC and JSC: 
averages show 0.58 V and 2.91 mA/cm2 for the devices with thinner TiO2, compared to 0.87 
V and 15.14 mA/cm2 for the device with the thicker TiO2. Furthermore, Fig. 5.14b shows 
that while the J-V curve for the device with 100 nm TiO2 has high series resistance, the 50 
nm TiO2 device shows extremely low shunt and high series resistances, leading to important 
losses. 
In conclusion, while devices prepared with the MAPI one-step process work best 
with thinner layers of TiO2 (50 nm), devices with MAPI prepared with the two-step process 
produces higher performances with thicker TiO2 layers (~100 nm). Therefore, devices that 
are shown in the next sections will use these optimised TiO2 thicknesses.   
 
MAPI    
process 
TiO2 
thickness 
 PCE (%) VOC (V) JSC (mA/cm2) FF (%) 
one-step 
process 
50 nm 
AVG 3.63 (±2.38) 0.64 (±0.15) 16.49 (±3.96) 29.4 (±9.1) 
Best 8.22 0.88 20.83 44.8 
100 nm 
AVG 1.15 (±1.48) 0.39 (±0.24) 7.02 (±5.17) 27.8 (±9.1) 
Best 3.59 0.70 11.15 45.9 
two-step 
process 
50 nm 
AVG 0.46 (±0.60) 0.58 (±0.37) 2.91 (±2.77) 32.6 (±10.3) 
Best 1.28 0.82 6.65 23.3 
100 nm 
AVG 4.17 (±1.62) 0.87 (±0.11) 15.14 (±2.50) 31.0 (±7.0) 
Best 8.45 0.98 16.57 52.1 
Table 5.2. J-V parameters of MAPI devices prepared using the perovskite deposited with 
the one-step and the two-step processes. For each deposited layer, the results of single and 
double TiO2 layered devices are shown, presenting both average (N ≈ 25) and best 
performances.  
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Fig. 5.14. Best J-V curves obtained from a) MAPI one-step devices and b) MAPI two-step 
devices, using different TiO2 thicknesses. Highest device performances were obtained with 
50 nm of TiO2 for MAPI one-step process devices and 100 nm TiO2 layer for the MAPI two-
step solution devices. 
 
The J-V properties and statistics obtained by the one-step and two-step optimised 
devices, in combination with the EQE measurements of these, are presented in Fig. 5.15 and 
Table 5.3.  
Fig. 5.15a-d shows the J-V parameters of the best device and the average 
performances for both the one-step and two-step processes. In addition, the averages of 
results obtained with the forward and reverse sweeps are presented, to give information 
about their hysteretic behaviour. While the peak PCE values for both deposition processes 
are similar (8.22% and 8.45% for the one and two-step process respectively), the averages 
show a higher efficiency for the two-step processed devices (4.17% PCE against 3.63% PCE 
of the one-step process). This difference is not significant, however the standard deviation 
shows that the devices prepared with the two-step process are more consistent, indicating 
higher uniformity of the films as shown in the SEM in Fig. 5.6. The device trends are 
revealed by the VOC and JSC graphs (Fig. 5.15b and c). Higher VOC values were measured for 
the two-step process devices (0.87 V average) with the highest VOC reaching 0.98 V, and 
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lower in the one-step process devices (0.64 V average, 0.88 V highest). Although, the one-
step process produced higher JSC values than the two-step process (16.49 mA/cm
2 and 15.14 
mA/cm2 respectively), data are spread out (large error bars). Similarly to the VOC, the FF 
(Fig. 5.15d) shows higher values for the two-step process, with an average of 31%, compared 
to 29.4% for the one-step process devices and, as before, error bars are considerably larger 
for the latter.  
Fig. 5.15a-d also reports the average data for forward and reverse J-V measurements, 
which explains the wide variation in performance of the devices and Table 5.3 presents the 
average data for MAPI devices prepared with the one-step and two-step processes. While 
all J-V parameters show that reverse scans outperform the forward data (a common 
phenomenon broadly presented in the literature for perovskites),30 it is easily recognisable 
that devices with MAPI prepared with the one-step process suffer more from hysteretic 
behaviour, compared to the two-step process devices (4.20% and 1.65% ΔPCE for the one-
step and the two-step process respectively, being ΔPCE the difference between forward and 
reverse scans). In the case of the one-step process devices, the larger discrepancy in the J-V 
parameters is observed in the current density, as shown by the large error bars in Fig. 5.15c. 
However, important differences are seen also in FF and VOC. On the contrary, in the case of 
MAPI prepared with the two-step process, the discrepancies between J-V parameters are 
smaller, and they are mainly controlled by the JSC, whereas the difference in VOC is extremely 
low.  
Finally, Fig. 5.15e and f compare the stabilised efficiency and the EQE spectra of 
MAPI one-step and two-step process devices. The maximum power point tracking (Fig. 
5.15e) shows a drop in the efficiency (from 6.5% to 3.4% PCE and from 7.5% to 5.3% PCE 
for the one-step and two-step process devices respectively) in the first ten seconds and then 
a slow stabilisation which reaches a steady state after 70 seconds, for both devices. MAPI 
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prepared with the two-step process shows higher performance, as from 7.5% PCE the 
efficiency drops to 4.7% after 70 seconds, whereas for MAPI prepared with the one-step 
process, the PCE changes from 6.5% to 3.1%. Therefore the PCE drop after light soaking is 
2.8 percentage points for the two-step and 3.4 percentage points for the one-step process, 
indicating that the two-step process produces higher stability towards light soaking.  
The EQE spectra shown in Fig. 5.15f present two main cut-offs, one at low 
wavelength (~300 nm) corresponding to the absorption edge of the ITO transparent 
conductive oxide used as front contact (> 4.1 eV),31 and a shoulder at ~780 - 800 nm, 
corresponding to the MAPI band absorption edge. (In the case of the MAPI one-step process 
devices, there is an apparent feature at 735 nm which was found to be caused by the lamp 
exchange during the EQE measurement and is not device related). Both EQE spectra present 
low quantum efficiencies demonstrating that the device performances could be improved.  
 
MAPI devices PCE (%) VOC (V) JSC (mA/cm2) FF (%) 
One-step 
process 
AVG Forward 1.53 (± 0.52) 0.54 (± 0.11) 13.08 (± 2.36) 21.7 (± 3.6) 
AVG Reverse 5.73 (± 1.49) 0.75 (± 0.11) 19.90 (± 1.61) 37.2 (± 5.6) 
Two-step 
process 
AVG Forward 3.17 (± 0.83) 0.85 (± 0.08) 13.53 (± 2.12) 27.6 (± 4.3) 
AVG Reverse 4.82 (± 1.68) 0.89 (± 0.12) 16.02 (± 2.27) 33.0 (± 7.64) 
Table 5.3. Average J-V parameters of devices prepared using MAPI with the one-step and 
the two-step processes, focussing on the results of forward and reverse scans to show the 
important hysteretic behaviour of the devices (N ≈ 25).  
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Fig. 5.15. Comparison between J-V parameters of devices prepared with MAPI one-step and 
two-step processes. Statistics showing the highest, average, average of forward and average 
of reverse scans of a) PCE, b) VOC, c) JSC and d) FF. The ‘best’ values refer to the device 
with the highest PCE recorded. e) Stabilised efficiencies and f) EQE spectra of 
representative devices prepared with the one-step and two-step processes, showing higher 
performances for devices prepared using the two-step solution process.  
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  a) Time effect on MAPI two-step process devices  
MAPI devices prepared with the two-step process showed an increased efficiency 
when they were stored for some time in a desiccator (lab lighting and RH < 15%), a 
phenomenon that was not observed in the one-step process devices. Therefore a separate 
batch of two-step process devices was fabricated and their efficiency monitored on the first, 
second and fourth days after fabrication. 
Table 5.4 shows the average and best J-V parameters calculated for 16 contacts and 
Fig. 5.16 shows the best J-V curves and the statistical behaviour of these devices.  
Performances of average and best devices in this batch were not dissimilar from the 
results of MAPI two-step process devices shown previously in Table 5.2 (3.71% PCE for 
this batch, against 4.17% PCE as shown in section 5.3.4) which demonstrates the 
consistency of the device performance. However, the J-V parameters re-measured on the 
second day showed unexpected behaviour. The average PCE was increased by 1.26% 
(absolute), rising up to 4.97% PCE, while the best PCE recorded was 11.80% (VOC = 1 V, 
JSC = 20.87 mA/cm
2, FF = 56.5%). This was the champion device fabricated with MAPI in 
this work. However, increasing the storage time in the desiccator up to four days produced 
a decrease of the efficiency of the devices, showing a PCE of 2.93%. Since this was lower 
than the PCE recorded on the first day (3.71%) the ageing study was ended, as this 
decreasing trend indicated that a slow degradation in the MAPI was occurring. PCE results 
shown in Fig. 5.16b, indicate that although devices measured on the second day perform 
better, the improvement of the device performance was not uniform in all cells, since they 
present large error bars. 
 
 
 
 133 
 
MAPI two-step devices PCE (%) VOC (V) JSC (mA/cm2) FF (%) 
1st day 
AVG 3.71 (± 1.32) 0.84 (± 0.11) 14.97 (± 2.70) 29.3 (± 5.16) 
Best 7.02 0.97 19.2 37.5 
2nd day 
AVG 4.97 (± 3.20) 0.78 (± 0.23) 17.44 (± 5.95) 33.1 (± 7.71) 
Best 11.80 1.00 20.87 56.5 
4th day 
AVG 2.93 (± 2.03) 0.69 (± 0.19) 12.14 (± 3.84) 31.1 (± 7.0) 
Best 8.19 0.95 18.94 45.4 
Table 5.4. Average and best J-V parameters of MAPI two-step process devices measured 
on the first, second and fourth day (N ≈ 16). Samples were kept in the desiccator in the 
meantime.  
 
 
Fig. 5.16. Efficiency measured on devices using a two-step process, on the first day (as 
grown), on the second and on the fourth day, of desiccator storage (lab lighting, RH < 15%). 
a) J-V curves of the highest performing devices and b) best and average efficiencies.  
 
 
 
 b) MAPI one-step process devices with anti-solvent treatment  
One-step process MAPI devices showed lower performance compared to two-step 
devices. However, using an anti-solvent treatment on the perovskite surface showed 
increased film uniformity which lead to higher device performance, as shown by the J-V 
analysis of toluene-treated one-step process devices and those without the toluene treatment, 
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shown in Fig. 5.17. As shown previously in Table 5.2, non-treated devices showed an 
average PCE of 3.63% (VOC = 0.64 V, JSC = 16.49 mA/cm
2, FF = 29.4%) with the highest 
performing device producing a PCE of 8.22% (VOC = 0.88 V, JSC = 20.83 mA/cm
2, 
FF = 44.8%). However, with the toluene treatment the average PCE rose by 1.33% 
(absolute), showing an average 4.96% PCE (VOC = 0.82 V, JSC = 16.72 mA/cm
2, 
FF = 34.6%), with the best device yielding a 9.36% PCE (VOC = 0.92 V, JSC = 20.23 mA/cm
2, 
FF = 50.3%). The best curves obtained by the two sets of devices are shown in Fig. 5.17a. 
The main improvement observed for MAPI devices treated with toluene was observed in the 
rise of the VOC (from 0.64 V to 0.82 V), whereas a small increment was observed in the FF 
(from 29.4% to 34.6%) and almost no difference was detected in the current (from 16.49 
mA/cm2 to 16.72 mA/cm2).  
The trend shown by the stabilised efficiencies in Fig. 5.17b is very similar between 
the two sets of devices (see Fig. 5.15 for the non-toluene treated device). The toluene treated 
device showed an initial PCE of 12.4% which dramatically dropped in 5 seconds of 
illumination. For a further 5 seconds the PCE continued to decrease, until it reached a steady 
state at 4.5% PCE. Therefore, light soaking produced a decrease of 7.9% PCE (absolute) in 
a very short time but, nevertheless, the final efficiency is higher than the one from the non-
toluene treated devices. 
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Fig. 5.17. J-V analysis on one-step process devices with and without the anti-solvent 
treatment: comparison between a) best J-V curves (9.36% and 8.22% PCE respectively) and 
b) stabilised efficiencies showing steady state behaviour at 4.50% and 3.0% PCE for toluene 
and non-toluene treated devices respectively.  
 
 
5.4. Discussion 
This chapter presents a study on the preparation and characterisation of MAPI thin 
films using two main deposition techniques: the one-step and the two-step process. The first 
involves the spin-coating of a single methylammonium iodide precursor solution, whereas 
the second involves the deposition of two solutions which are consecutively spin-coated one 
on top of the other to form the perovskite. Although it was demonstrated by XRD analysis 
that both techniques produced MAPI thin films, the properties of the material varied. For 
instance, the X-ray patterns showed that layers were not identical, as the MAPI prepared 
with the two-step process showed a peak corresponding to the lead iodide precursor, absent 
in the case of the MAPI prepared with the one-step procedure. However, this PbI2 peak 
intensity was shown to be easily reduced by increasing the annealing time to 60 minutes – a 
considerably longer time compared to the one-step perovskite (3 minutes), which is an 
important factor to consider for materials that may be used for scale-up processes. In 
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addition to the X-ray analysis, SEM images of the two-step process films (Fig. 5.6) revealed 
lighter-coloured particles on the surface (~100 nm Ø), which may be related to the presence 
of the unreacted reagent PbI2. If this hypothesis is correct, by using a higher concentration 
of the MAI precursor solution, the unreacted PbI2 may react with MAI forming MAPI. 
Furthermore, longer annealing times may help to completely remove the unreacted 
precursors in the two-step MAPI film. Nevertheless, the electron micrographs showed that 
MAPI prepared with the two-step process showed higher uniformity, with small, compact 
crystals (~100 - 150 nm), whereas MAPI prepared with the one-step process forms larger 
crystals (up to ~500 nm) with numerous pin-holes. These large crystal grains in the one-step 
perovskite films produced a higher absorption coefficient compared to two-step processes 
films (1.25·105 cm-1 and 9·104 cm-1 respectively), whereas in terms of intrinsic properties of 
the material the band gap showed extremely similar results, these being 1.57 eV and 1.61 
eV for the one-step and the two-step processed MAPI respectively. In addition, both 
perovskites showed nearly intrinsic properties with the Fermi level position being close to 
the mid-band gap position.  
Another common characteristic of both MAPI layers, is that they degraded when 
exposed to ambient conditions for some time. This degradation was revealed by the change 
in the visual appearance of the films, which turned from the ‘as grown’ black films into 
bright yellow coloured layers, this colour being due to PbI2, as confirmed by the X-ray 
analysis (Fig. 5.9a, d). A study was therefore conducted to determine the causes of this 
ageing process. Both MAPI films were subjected to controlled degradation conditions, these 
being UV-radiation in nitrogen and dark conditions in air, in order to isolate the effects of 
UV light and air to identify their effects on the perovskite films. Little effect was observed 
on layers of the two different films, however the perovskite prepared with the two-step 
procedure showed higher resistance toward degradation in ambient compared to the one-
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step MAPI film. This greater sensitivity of the one-step processed MAPI may be related to 
the presence of numerous pin-holes in the film that, with their high surface area, permitted 
the degrading agent to easily infiltrate between the perovskite grains.  
As the one-step MAPI demonstrated higher susceptibility to degradation, this 
material was selected for degradation trials. In particular, additional degrading environments 
(‘UV/O3’ and ‘desiccator’) and longer periods of exposure (up to one month) were 
employed. Even considering longer periods of time, no degradation was detected for samples 
left in ‘dark/air conditions’, suggesting that the main degradation factor for MAPI is UV-
radiation. Concordantly, the most important degradation was detected in ‘UV/O3’, which 
affected the MAPI composition in a very short time (19 minutes). Therefore, in this work, 
the presence of oxygen combined to the UV-radiation appeared to be the predominant 
degradation effect for MAPI perovskite materials. The mechanism suggested for this 
phenomenon was that the UV-rays produced radicals on the organic part of the perovskite 
(methylammonium), which then reacted with oxygen creating volatile compounds that left 
PbI2 on the sample. The instability towards UV and oxygen was confirmed by other research 
groups as shown in the literature, and the more detailed mechanism recently proposed from 
S. Islam’s group32 is presented in chapter 3 (multistage reaction, forming the superoxide 
species). Although the susceptibility of MAPI towards UV and oxygen was confirmed also 
by the literature, the experiment shown in this thesis adopting UV/O3 could have been 
improved by adding a short wavelength filter on the UV lamp (184 nm), in order to remove 
the reaction forming O3 (see section 4.1.1), unnecessary for the purpose of the experiment, 
and leaving the higher wavelength used to form the radicals solely on the organic molecules. 
In this way, the experiment used to study the degradation of MAPI in presence of UV/O2 
would be determined more accurately. 
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In addition to this degradation factor, numerous research groups stated that MAPI 
shows high sensitivity towards water vapour, however this was not observed in this work. 
A possible reason for this may be related to the exposure conditions used in this study: the 
highest humidity level used was the ambient humidity, which in a working environment in 
the United Kingdom is normally between 40% and 60% RH. Therefore, samples were not 
exposed to extreme RH values and this may be why the effect of moisture was not detected 
on the samples during the ‘dark/air’ degradation studies.  
MAPI films prepared with the one and two-step processes were further analysed and 
compared in devices, using the following device architecture: glass/ITO/c-
TiO2/MAPI/spiro-OMeTAD/Au. Both films achieved low performances compared to those 
shown in the literature. However the goal of fabricating devices in this work was mainly 
focussed on showing that MAPI films used for the degradation studies were functional. For 
device development, the TiO2 thickness was optimised initially, and 50 nm for the MAPI 
one-step process devices and 100 nm for the MAPI two-step process devices were found to 
be optimal. For one-step process devices, an average PCE of 3.63% (VOC = 0.64 V, JSC = 
16.49 mA/cm2, FF = 29.4%) with the highest performing device producing 8.22% PCE (VOC 
= 0.88 V, JSC = 20.83 mA/cm
2, FF = 44.8%) was achieved. These J-V performances were 
surpassed by the two-step process devices, showing an average PCE of 4.17% (VOC = 0.87 
V, JSC = 15.14 mA/cm
2, FF = 31.0%), with the highest PCE being 8.45% (VOC = 0.98 V, JSC 
= 16.57 mA/cm2, FF = 52.1%). While the main reason for the two-step process devices 
reaching higher performances was mainly recognised to be the higher VOC, both devices 
showed poor FF, which was the main cause of the low performances presented in this work. 
A possible reason for this may be the parasitic resistive losses in the device, which in turn 
are suggested by the presence of numerous pin-holes in the case of the MAPI one-step 
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process devices and the weak diode regions caused by the presence of unreacted PbI2 (large 
band gap semiconductor) in the two-step process devices.  
Interestingly however, Table 5.3 showed that if only the average PCE data of the 
reverse scans of the two sets of devices are compared, one-step process devices reach higher 
efficiencies, with an average PCE of 5.73% against 4.82% PCE of two-step process devices. 
Both sets of devices showed high hysteretic behaviour but this was shown to be larger in 
one-step process devices, showing a ΔPCE of 4.2% (absolute) between forward and reverse 
scans, compared to only ΔPCE of 1.65% (absolute) in the two-step processed devices.  
Two-step process devices, showed an improvement in the device performance 
between the first and second day of measurement, reaching an average of 4.97% (VOC = 0.78 
V, JSC = 17.44 mA/cm
2, FF = 33.8%) and a best PCE of 11.80% (VOC = 1 V, JSC = 20.87 
mA/cm2, FF = 56.5%), which is the champion device measured in this work. The main 
improvement of the devices measured on the second day is an increase of the JSC and the 
FF, whereas the VOC decreases. The reduction in the VOC indicates the reduction in the 
absorber material’s quality which may be due to a slow degradation process, which is also 
indicated by the decreased VOC measured on the fourth day (0.69 V) (Table 5.3). Also, since 
an improved JSC is normally attributed to improved surface coverage, it may be speculated 
that the MAPI perovskite prepared with the two-step process may need settling time to 
improve its crystallinity. Furthermore, since samples were left in the desiccator in air it may 
be speculated that these conditions increased the oxygen doping of the spiro-OMeTAD 
layer, hence its conductivity and the hole transport toward the contacts. 
An improvement in the device performances was also observed for MAPI prepared 
with the one-step process by using an anti-solvent treatment. As shown in the SEM image 
(Fig. 5.7b, c) the effect of toluene spin-coated on MAPI films is remarkable: the free-pin 
hole layer shows numerous crystals (~100 nm Ø) and high uniformity. In devices, this 
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beneficial effect was observed with an increase in the PCE, this being 1.33% (absolute) on 
average higher than the one of samples prepared without the anti-solvent treatment and 
producing the highest efficiency for devices prepared with the one-step process (9.36% 
PCE). It was observed that the beneficial effect was mainly due to an increase in the VOC, as 
the treatment produced more uniform films with fewer pin-holes compared to the classic 
one-step process that supressed non-radiative charge recombination. However, one of the 
main advantages of the one-step process for hypothetical scale-up process is its extremely 
short annealing time (3 minutes), which in the case of the anti-solvent treatment increased 
to one hour – which is the same time needed for the two-step process.  
For the anti-solvent treated one-step and the non-treated two-step process, it is 
possible to note that the highest performances are now reversed: MAPI prepared with the 
one-step process using the anti-solvent treatment showed higher efficiency compared to two-
step process devices, these being 4.96% and 4.17% average PCE respectively. However, the 
same comparison cannot be implied for devices fabricated using the MAPI two-step solution 
process measured on day two (4.97% average PCE).  
Nevertheless, as the results given by the best MAPI devices prepared with the two-
step process (PCE = 11.80%) outperformed all other devices fabricated in this work, it may 
be concluded that this is the best procedure to use.  
 
5.5. Conclusions 
Chapter 5 presented a study on MAPI thin films and devices.  
MAPI thin films were deposited using two main spin-coating techniques, the one-
step and the two-step process depositions. Both techniques produced MAPI thin films with 
a ~1.6 eV direct band gap and intrinsic properties. The two different depositions techniques 
mainly influenced the morphological appearance of the films, which in turn contributed to 
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influence the device performances. In particular, while the one-step process films show 
grains of different sizes and numerous pin-holes, the films prepared with the two-step 
process formed highly uniform films, made of small grains but sporadic particles of 
unreacted reagent. While the crystallinity of films made with the one-step process were 
improved by treating the surface with an anti-solvent (toluene), for the two-step process the 
annealing time was increased to 60 minutes to permit a complete reaction between the two 
reagents: PbI2 and MAI. The films were introduced into devices with the following 
architecture: glass/ITO/c-TiO2/MAPI/spiro-OMeTAD/Au to study the effect of the different 
deposition on the device performance. Once the thickness of the electron transporting 
material was optimised, the best device efficiencies recorded were 8.22% PCE (VOC = 0.88 
V, JSC = 20.83 mA/cm
2, FF = 44.8%) for one-step process devices and 8.45% PCE (VOC = 
0.98 V, JSC = 16.57 mA/cm
2, FF = 52.1%) for the two-step devices. Further improvement of 
the MAPI films showed an increased efficiency of the devices, these being 9.36% PCE (VOC 
= 0.92 V, JSC = 20.23 mA/cm
2, FF = 50.3%) for one-step process devices treated with 
toluene, and 11.80% (VOC = 1 V, JSC = 20.87 mA/cm
2, FF = 56.5%) for two-step process 
devices measured on the second day. Hysteresis was found in all devices, but was a larger 
issue in the case of one-step process devices. 
Therefore, according to results presented in this work, it may be concluded that the 
best MAPI deposition technique is the two-step process. In terms of scale-up processes, 
however, the one-step process allows a simplified device fabrication, adoption of smaller 
quantities of solutions and solvents, fewer depositions steps, and shorter annealing times and 
it is therefore better for PV applications.   
However, both MAPI films and devices have shown low stability towards ambient 
conditions. In this work a systematic study to find the cause of degradation was performed, 
and showed that MAPI is particularly subjected to degradation when it is exposed to a 
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combination of UV-radiation and oxygen. When this work was ongoing, the same subject 
was investigated by numerous research groups worldwide and the hypothesis of the 
degradation mechanism was confirmed. The shelf life of these perovskite materials is 
therefore tolerable, however a protection towards UV-radiation is necessary. MAPI is 
therefore not an adequate material for solar cell applications. Encapsulation may be a 
solution for short periods of time, but long exposures of these devices to sunlight may be an 
issue. However, recent research has shown incredible improvements in terms of stability and 
device performance by using mixed-compound perovskites, showing a better perspective for 
perovskites in the PV field.33–35 
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6. CsPbI2Br perovskite films, devices and 
degradation studies 
This work has been published as: 
Mariotti, S.; Hutter, O. S.; Phillips, L. J.; Yates, P. J.; Kundu, B.; Durose, K., Stability and 
Performance of CsPbI2Br Thin Films and Solar Cell Devices, ACS Appl. Mater. Interfaces, 
2018, 10 (4), 3750–3760, DOI: 10.1021/acsami.7b14039. 
 
 
6.1. Introduction 
A full literature review on all-inorganic perovskites, with particular emphasis on 
caesium perovskites, has been presented in chapter 3. The main points relevant to this 
chapter are now summarised: all-inorganic perovskites, such as CsPbI3 and CsPbBr3, and 
their mixed compositions CsPbI(1-x)Brx, are of interest since their thermal and chemical 
stabilities under PV operating conditions are superior to that of most organic-inorganic 
perovskites.1–4 Nevertheless, the single halide caesium perovskites have some limitations:  
- The dark brown cubic phase of CsPbI3 has a useful band gap for PV applications 
(1.73 eV) but it is not stable in this form at room temperature.5–8  
- The orthorhombic CsPbBr3 has a wider band gap (2.25 eV) which is unsuitable for 
highly efficient solar cells, but is stable at room temperature.5,9,10 
Caesium lead mixed halide perovskites on the other hand have the potential to offer 
a compromise of these properties, such as a tuned band gap and improved stability at room 
temperature. Therefore their potential for use in PV applications may be more realistic.5,10,11 
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In particular, CsPbI2Br (1.92 eV) has received attention: Sutton et al., demonstrated 
CsPbI2Br solar cell devices with 9.8% efficiency,
5 however the environmental stability of 
this material was only marginally considered until the present work was published in 2018. 
This chapter presents a study of CsPbI2Br thin films, devices and their environmental 
stability.  
Films were prepared by spin-coating a precursor solution and then by annealing them 
at a range of temperatures (150 - 350°C). In the literature the annealing temperature used to 
prepare CsPbI2Br films is 350°C,
5 but this range of 200°C enabled the evaluation of the 
minimum temperature required to form the brown perovskite phase to use in devices and 
scaled-up processes. The resulting CsPbI2Br films were characterised and used for 
fabrication and characterisation of devices having the following structure: 
glass/ITO/TiO2/CsPbI2Br/spiro-OMeTAD/Au.  
Similarly to the study in chapter 5, this work includes the study on the stability of 
films to environmental factors. As CsPbI2Br is closer in composition to CsPbI3 than 
CsPbBr3, the Goldschmidt tolerance factor
12 for CsPbI3 should be considered, and is 
reported as being calculated as 0.7813 or 0.85.14,15 The first appears more accurate as the 
tolerance factor in the range of 0.71 - 0.8 corresponds to orthorhombic structures stable at 
room temperature.  For this reason, it is possible to infer that CsPbI2Br, despite having an 
improved stability in its perovskite phase compared to CsPbI3, may energetically prefer the 
orthorhombic state. Nevertheless, since the experimental stability of the CsPbI2Br 
compound had not been investigated, a full study of the causes and the mechanism of 
degradation was performed and is presented in this chapter. Experiments were performed to 
isolate and identify the factors having the most deleterious effects on the material. The 
factors investigated were chosen with reference to those known to influence MAPI. These 
were: UV radiation combined with oxygen,16–19 and water.20–23 A further study on MAPI 
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relevant to the present work is that of Leguy et al.20 who identified a hydrated MAPI 
perovskite phase (CH3NH3)4PbI6·2H2O. This is relevant since CsPbI2Br proved to be 
sensitive to moisture raising the possibility that it too has a hydrated phase.  
The role of water on CsPbI2Br was therefore investigated and a mechanism for its 
degradation was postulated. All work on the degradation on CsPbI2Br was performed on the 
timescale of one week to one month in order to allow a direct comparison with the study of 
MAPI degradation presented in chapter 5. In addition, the degradation study was extended 
to devices and their recovery. 
 
 
6.2. Experimental methods  
6.2.1. Fabrication and characterisation of CsPbI2Br thin films  
CsPbI2Br films were deposited onto quartz coated glass or glass/ITO substrates 
previously cleaned using the method described in section 4.1.1.  
To prepare the films a 40% w/v solution of CsI : PbI2 : PbBr2 (1 : 0.5 : 0.5 
molar  concentration) in DMF/DMSO (9:1 vol.) was prepared inside a nitrogen glovebox. 
The solution was then stirred for one hour at 50°C and finally filtered using a 0.22 μl PTFE 
filter.  Deposition was accomplished by dynamically spin-coating 50 μl of the solution at 
2000 rpm for 25seconds onto cleaned quartz coated glass (15 x 20 mm2) and placing the 
samples onto a hotplate for annealing immediately afterwards. The annealing was performed 
for 10 minutes at temperatures in the range of 150°C - 350°C, in steps of 50°C. Photographs 
of the solution and the resulting film are shown in Fig. 6.1. 
The films were analysed by UV-Vis-IR spectrophotometry, XRD, SEM and 
spectroscopic STS analysis (see section 4.4.1 for details).  
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Fig. 6.1. Photographs of a) CsPbI2Br solution obtained after stirring at 50°C, and b) 
CsPbI2Br thin film deposited on quartz glass (15 x 20 mm
2). 
 
6.2.2. Device fabrication and characterisation 
Among the 158 CsPbI2Br devices that were prepared, an optimised device 
fabrication procedure was stipulated and is here described.  
Devices were prepared with the following device structure: 
glass/ITO/TiO2/CsPbI2Br/spiro-OMeTAD/Au, as shown in the diagram in Fig. 6.2. On 
commercial ITO covered glass a layer of compact TiO2 was deposited by spin-coating a 0.15 
M followed by a 0.3 M solution of Ti-isopropoxide in ethanol, as described in the previous 
chapter (section 5.2.4.a). A small TiO2-free area was left on the ITO to allow electrical 
contacting. After annealing and cooling of the TiO2, a 350 nm layer of CsPbI2Br was 
deposited, using the same procedure described in section 6.2.1. Afterwards, a layer of doped 
spiro-OMeTAD was spin-coated on the perovskite’s surface at 3000 rpm for 30 seconds (see 
section 5.2.4.b). Finally, the samples were quickly transferred to an evaporator where 50 nm 
of gold was deposited in 3 mm Ø dots, providing the back contacts. Each rectangular sample 
(20 x 15 mm2), was usually contacted with four gold dots.  
Initial device measurements were carried out in air, but since samples degraded 
quickly only J-V measurements were performed. To allow extensive J-V and EQE 
measurements, later devices were loaded into a measurement box under dry nitrogen for 
transfer to the measurement stations, as described in section 4.5.4.  
  
150 
 
For measurements in air, the full dot area of 0.07 cm2 was illuminated, whereas when 
the air-tight box was used, the sample holder had a mask with 2 mm Ø holes, making the 
effective illuminated area 0.0314 cm2.  
 
Fig. 6.2. Diagram of the “superstrate” device structure of the CsPbI2Br solar cells fabricated 
in this work.  
 
 
6.2.3. Intentional degradation of CsPbI2Br films 
After realising that brown CsPbI2Br layers that were prepared in a nitrogen glovebox 
would quickly degrade into yellowish films when exposed to air, the causes and chemical 
mechanism of the transformation were investigated.  
A set of trial degradation conditions were selected in order to systematically identify 
the factors that promote degradation. These were the same as those selected for the study of 
MAPI degradation as described in section 4.3 and were ‘UV/O3’, ‘UV/N2’, ‘dark/air’ and 
‘desiccator’. 
 
a) Analysis of degraded films and powders 
After being subjected to each test, CsPbI2Br thin films were analysed visually (as the 
colour of the film changes from brown to yellow after degradation), by UV-Vis-IR 
spectrophotometry (band gap evaluation) and by XRD (crystal structure identification).  
In order to investigate the mechanism of the process, powder samples of the material 
were synthesises for further analysis: bulk powders were prepared by dripping 1 ml of the 
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perovskite precursor solution onto a glass slide and heating at 300°C for 10 minutes. The 
film was then scraped off to yield ~16 mg of CsPbI2Br powder. This allowed measurement 
by differential scanning calorimetry/thermo-gravimetric analysis (DSC-TGA) and proton 
nuclear magnetic resonance (1H NMR). For the DSC-TGA an alumina crucible with a 
heating rate of 10°C/min was used, while for the NMR measurements a few milligrams of 
the powders were introduced in NMR tubes inside an argon glovebox and dissolved in 
deuterated dimethyl sulfoxide (DMSO-d6). 
See section 4.4.1 and 4.4.2 for more information about the instruments used. 
 
 b) Film recovery 
After degradation, yellowish films were recovered by re-annealing at T > 250°C, 
preferably at 350°C, for 10 minutes. Immediately, the films regained their dark uniform 
brown appearance. The characterisation of the recovered layers was performed visually and 
by XRD analysis. 
 
6.2.4. Device degradation and recovery 
Devices were intentionally degraded by leaving them in the open air in the lab. Since 
one of the active degradation factors was found to be atmospheric moisture (see section 
6.3.3) and the humidity was not controlled, the time taken for degradation varied from 
minutes to hours. The device recovery was performed by re-annealing the 
glass/ITO/TiO2/yellow-CsPbI2Br films at 350°C, under nitrogen conditions whereupon the 
perovskite recovered its dark phase. The device performance of recovered films was tested 
by applying a fresh layer of spiro-OMeTAD (since this hole transporting material is not 
stable at 350°C).  
 
 
 
  
152 
 
6.3. Results 
6.3.1. CsPbI2Br thin films 
CsPbI2Br films deposited on glass, showed a different visual appearance according 
to the annealing temperature used, as shown in the photographs in Fig. 6.3a. Temperatures 
above 150°C were necessary to begin to form the brown perovskite phase. However, the 
films annealed at 150°C and 200°C show orange areas, which became smaller and less 
prevalent when the temperature was increased. This phase is most likely to be the orange 
cubic phase of CsPbBr3,
5 which forms at T > 130°C (see review in section 3.3.2.a). Upon 
increasing the preparation temperature, the films appear gradually more uniform, and 
assume a dark-brown colour, consistent with the cubic phase of CsPbI2Br. The film’s 
superior quality at T > 250°C was demonstrated by SEM (Fig. 6.3b), forming crystals of 1 - 
2 μm Ø at 350°C annealing. 
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Fig. 6.3. Appearance of CsPbI2Br films deposited on glass via one-step solution process and then annealed at 150, 200, 250, 300 and 350°C 
inside a nitrogen glovebox. a) Photographs of CsPbI2Br layers (20 x 15 mm
2) showing improved uniformity of the film with annealing 
temperature. b) SEM images, showing an improvement of the homogeneity of the films at T > 250°C. Nevertheless, films show numerous pin-
holes, which could cause lower device performance. Images of films annealed at 150°C show striations due to charging, since these samples 
are highly resistive.  
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Visual inspection of these CsPbI2Br films showed that those annealed at 300 and 
350°C produced more uniform films. However, analysis by XRD and UV-Vis-IR 
spectrophotometry showed identical properties for each annealing temperature used.  Fig. 
6.4a shows XRD results, with peaks at 2θ = 14.6° (100) and 29.6° (200), which is consistent 
with the XRD patterns presented in the literature and corresponds to a perovskite cubic 
structure.5,10 The presence of just two peaks indicates a preferred orientation and that there 
are no traces of the precursor materials. Optical measurements (Fig. 6.4b), show that both 
transmittance and reflectance curves are similar for all samples. From these data it was 
possible to calculate the absorption coefficient and, hence generate the Tauc plots for all 
films. Fig. 6.4c shows the absorption coefficient for CsPbI2Br films at all annealing 
temperatures: a range of 0.5 – 3.5·105 cm-1 was observed in the visible region for all films. 
However, the film annealed at 150°C shows an additional absorption feature at 450 – 460 
nm (~2.7 - 2.8 eV) which may indicate the presence of secondary phases. The measured 
direct band gaps were in the range of 1.91-1.92 eV (Fig. 6.4d), which is consistent with 
literature values.5,10  
Although both XRD and optical measurements give very similar results for samples 
having different morphologies and appearances, it should be mentioned that they both 
sampled the most uniform, central parts of the films which comprised the brown perovskite 
phase only.  
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Fig. 6.4. Characterisation on CsPbI2Br films deposited on glass and then annealed at 150, 
200, 250, 300 and 350°C. a) XRD patterns showing identical peaks for all films which 
correspond to the cubic structure of CsPbI2Br perovskite. b) UV-Vis-IR transmittance and 
reflectance spectra used to calculate c) the absorption coefficient and d) the Tauc plot, which 
provides the values of the band gap for all films presented in the inset table (1.91 – 1.92 eV).   
 
Since the Tauc plots in Fig. 6.4d showed insufficient linear portions for precise 
estimation of the band gap, spectroscopic mode scanning probe microscopy was used to 
determine the near-edge density of states (DOS) of the perovskite semiconductor in order to 
make an independent measurement (Fig. 6.5).  
A typical DOS spectrum measured by scanning tunneling spectroscopy (STS) of a 
CsPbI2Br layer is shown in Fig. 6.5a. During the measurement a sweeping bias was applied 
to the sample, producing a tunneling current between the semiconductor and the measuring 
tip (I-V). In the tunneling conductance (dI/dV) spectrum (Fig. 6.5a) the positive voltage 
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shows the position of the conduction band, while negative voltages indicate the position of 
the valence band, as in those regions electrons are respectively injected and withdrawn.   
As STS is an extremely localised measurement, it was necessary to probe numerous 
sampling points to obtain reliable data. Those are presented in the histograms in Fig. 6.5b, 
showing the distribution of energies measured for the valence and conduction band edges of 
the semiconductor. 
Overall the measurements reveal a band gap of 1.98 eV which is slightly higher than, 
but comparable to the values obtained from the Tauc plots (Fig. 6.4d). This difference may 
arise due to method of determination: since optical and STS measurements determine 
different properties (energy for the promotion of an electron from valence band to 
conduction band and tunnelling current respectively), the band gap values extracted may 
differ. For this reason, the Eg values obtained for CsPbI2Br are subjected to systematic error. 
In addition, the STS measurement shows that the Fermi level is positioned in the 
middle of the gap, indicating that the CsPbI2Br is an intrinsic material. 
 
Fig. 6.5. Scanning tunneling spectroscopy (STS) measurement performed on CsPbI2Br film 
annealed at 350°C, revealing a band gap of 1.98 eV. a) Density of states (DOS) profile 
(dI/dV) showing the valence and conduction band (VB and CB) locations. b) Histogram of 
the valence and conduction band positions from 23 sampling points.  
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Films were incorporated into devices in order to study the effect of the film 
preparation conditions on the device performance, as described in the next section. A study 
of the degradation of the films is deferred until section 6.3.3, since only films made under 
conditions that gave the best devices (prepared at 350°C) were tested for stability.  
 
6.3.2. Characterisation of CsPbI2Br devices 
Devices having the structure glass/ITO/TiO2/CsPbI2Br/spiro-OMeTAD/Au were 
fabricated using a) different thickness of TiO2 and b) CsPbI2Br formed at different 
temperatures. While upwards of 30 devices were made using preparation temperatures 
between 150 and 350°C, they were found to be unstable in air. 
 
  a) Preliminary device measurements 
This section presents studies for the optimisation of the TiO2 thickness, recording 
only the data for cells made at 350°C.  
An example of the J-V curve of a high performing device from this series measured 
in air, is shown in black in Fig. 6.6, and has a PCE of 6.44% (VOC = 1.01 V, JSC = 12.43 
mA/cm2, FF = 51.24). However, it was necessary to transfer subsequent sets of devices into 
an air-tight measurement box to permit both the J-V and EQE measurements required for 
optimising the TiO2. By measuring the devices in a nitrogen environment a slight 
improvement in performance was identified: the blue curve in Fig. 6.6 shows PCE of 6.64% 
(VOC = 0.97 V, JSC = 13.80 mA/cm
2, FF = 49.6). An increased current is recorded compared 
to devices measured in air, as no degradation was influencing the device performance during 
the measurement.  
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Fig. 6.6. J-V curve (AM 1.5) of best glass/ITO/TiO2/CsPbI2Br (350°C)/spiro-OMeTAD/Au 
device measured in air (black curve) and of a similar cell measured under dry nitrogen inside 
a measurement box (blue curve).  
 
 
Although the devices measured in the nitrogen filled box showed an increment of the 
PCE, the EQE analysis on these samples showed that the performance of devices could be 
further improved by thinning the TiO2 layer. Analysing the EQE spectra in Fig. 6.7a, it is 
possible to distinguish three main zones: a low cut off around 310 nm corresponding to the 
ITO band gap (> 4.1 eV),24 a shoulder at 370 – 420 nm caused by the onset of absorption of 
the TiO2 window layer (~3 eV, 415 nm)
25 and a long wavelength cut off at around 650 nm 
which corresponds to the CsPbI2Br band gap (1.92 eV). The optical losses at low 
wavelengths (370 – 420 nm), indicate that photons are absorbed in the window layer. Since 
the compact TiO2 film made with two layers of Ti-isopropoxide solutions (0.15 M + 0.3 M) 
(section 5.2.4.a) produces a film with thickness of ~100 – 130 nm, this was reduced to about 
50 nm by spin-coating only one solution of Ti-isopropoxide solution. The influence of 
reducing the thickness of the TiO2 layer on the EQE analysis can be seen in the red curve in 
Fig. 6.7a, showing that the shoulder at 370 – 420 nm wavelengths was reduced and the 
overall generated current was increased, leading to higher device performances. The general 
change in J-V parameters noticed after thinning the TiO2 layer, was an increment of c.a. 
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20% of the fill factor. Measuring the performances of 8 devices it was observed that the 
device made with the 0.15 M solution of Ti-isopropoxide produced a champion efficiency 
of 8% (VOC = 1 V, JSC = 11.56 mA/cm
2, FF = 69.5%) while the device fabricated with the 
0.3 M solution generated a 8.2% efficient device (VOC = 1 V, JSC = 12.68 mA/cm
2, FF = 
67%). Therefore both Ti-isopropoxide solutions used to make single TiO2 layers showed a 
device efficiency improvement compared to the double TiO2 layer, but as the performance 
was shown to be slightly higher using the most concentrated precursor solution of TiO2, this 
was used for the fabrication of devices for the studies presented in the next sections.  
The SEM image shown in Fig. 6.7b, demonstrates the device architecture and the 
thicknesses of the layers: glass/ITO/c-TiO2(50nm)/CsPbI2Br(300-350nm)/spiro-
OMeTAD(200nm) for these devices. 
 
 
Fig. 6.7. a) EQE spectra of CsPbI2Br solar cell devices containing TiO2 layers with different 
thicknesses. The black curve of the thicker TiO2 layer device (100 -130 nm), show photons 
absorbed in the window layer below 420 nm. The thinner TiO2 layer corresponding to the 
red curve (50 nm TiO2 using a 0.3 M solution of Ti-isopropoxide), shows the effect of the 
improved transparency of the window layer, which produces a more efficient device. b) 
Cross-section SEM of glass/ITO/TiO2/CsPbI2Br (350°C annealing)/spiro-OMeTAD/Au 
device containing a 50 nm TiO2 layer.  
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Consequently, all devices reported hereon were fabricated using 50 nm thick TiO2 
and measured in the air-tight box.  
 
 b) Influence of CsPbI2Br annealing temperature on device performances 
The effect of the CsPbI2Br annealing temperature on the device performance was 
evaluated by making 20 samples: 4 samples at each temperature (150 – 350°C), each of 
which had 4 contact dots, hence yielding 16 performance results per temperature 
investigated.  
Table 6.3 and Figs. 6.8 and 6.9 present the J-V data from these devices. The 
relationships between the temperature used for the perovskite annealing and the device 
performance are now described.  
Table 6.3 reports the average values for J-V measurements on fresh and aged 
devices, however this section focusses only on fresh devices while the discussion on aged 
devices is deferred until section 6.3.4. J-V curves of the champion devices for each annealing 
temperature used are shown in Fig. 6.8a. The J-V curves show that the best performances 
were achieved for devices prepared with the minimum and the maximum temperatures 
(150°C and 350°C), however, while the J-V curve of the device with CsPbI2Br annealed at 
150°C shows extraordinary current but a poor FF (PCE = 7.23%, VOC = 1.05 V, JSC = 15.28 
mA/cm2 and FF = 45.07%), the curve obtained by the device with the 350°C annealed 
perovskite presents robust J-V parameters (PCE = 9.08%, VOC = 1.05 V, JSC = 12.68 mA/cm
2 
and FF = 68.4%). However, comparing these results with the averages presented in Table 
6.3 (2.29% PCE for 150°C and 6.33% PCE for the 350°C annealing) it may be speculated 
that the champion performance of the device annealed at 150°C is exceptional. Considerably 
lower performances were achieved by devices with the perovskite annealed at 200, 250 and 
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300°C, as shown from both champion device performances (Fig. 6.8a) and average PCE 
values (1.45%, 1.11% and 1.56% respectively).  
The stabilised efficiency of the devices with 350°C annealed CsPbI2Br was 
measured, as these were the best performing devices. Fig. 6.8b presents a typical stabilised 
efficiency analysis of these devices, showing a small drop in efficiency during the first 
seconds of measurement caused by light soaking settlement, which then stabilises at 6.24% 
PCE for the rest of the evaluation time (70 seconds). Since the PCE does not change greatly 
with time it may be inferred that the PCE results presented here are generally reliable. 
The relationship between device efficiency and temperature of preparation of 
CsPbI2Br, is shown more fully in Figs. 6.8c-f which show the averages and standard 
deviations of all J-V parameters (PCE, VOC, JSC and FF) for devices with CsPbI2Br annealed 
at 150°C < T < 350°C. Graph 6.8c shows a decline of the efficiency between 150°C to a 
minimum at 250°C and then a rise until 350°C. The increase in performance for higher 
processing temperature is consistent with the increase in the film continuity shown in the 
SEM micrographs in Fig. 6.3b and this accounts for the trend in the efficiencies for T ≥ 
250°C. On the contrary, for T ≤ 250°C the unexpectedly high PCE (best 7.23% and average 
2.29%) for the 150°C annealing temperature is inconsistent with the overall trend for 
CsPbI2Br. Instead it is attributed to presence of phase separation of multiple CsPbI3-xBrx 
compositions in the samples prepared at low temperature. This is further discussed in section 
6.4.    
Comparing the four graphs in Fig. 6.8c-f, the parameter having least influence on the 
PCE trend (Fig. 6.8c) is VOC, which is maintained at around 0.7 V between 150 – 300°C and 
increases by 0.2 V when films are annealed at 350°C (Fig. 6.8d). JSC has a slightly stronger 
influence, showing a minimum at 250°C and a maximum at 350°C (Fig. 6.8e). The 
parameter that influences the efficiency most is the fill factor: as shown in Fig. 6.8f, the 
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trends of PCE and FF are almost equivalent, with a minimum average FF at 250°C of 26.7% 
and the maximum average FF at 350°C of 60.2%, as shown in Table 6.3. 
The average results presented in Fig. 6.8c-f, include both forward and reverse scan 
results for all J-V parameters. These CsPbI2Br devices display significant hysteresis in all 
PV working parameters, which is illustrated in Fig. 6.9c.  
 
 
150°C 200°C 250°C 300°C 350°C 
VOC (V) 
Fresh 0.67 (± 0.15) 0.68 (± 0.05) 0.71 (± 0.10) 0.73 (± 0.10) 0.90 (± 0.10) 
Aged 0.50 (± 0.08) 0.51 (± 0.10) 0.65 (± 0.17) 0.71 (± 0.07) 0.79 (± 0.02) 
JSC 
(mA/cm2) 
Fresh 9.07 (± 2.49) 7.63 (± 1.56) 5.83 (± 1.68) 7.94 (± 1.32) 11.74 (± 0.68) 
Aged 0.16 (± 0.02) 0.23 (± 0.21) 0.55 (± 0.72) 0.26 (± 0.06) 0.24 (± 0.04) 
FF (%) 
Fresh 34.8 (± 5.0) 28.2 (± 2.3) 26.7 (± 2.8) 26.9 (± 3.0) 60.2 (± 8.3) 
Aged 40.6 (± 3.5) 44.5 (± 6.6) 42.2 (± 4.7) 36.2 (± 6.1) 39.7 (± 2.6) 
PCE (%) 
Fresh 2.29 (± 1.37) 1.45 (± 0.39) 1.11 (± 0.40) 1.56 (± 0.41) 6.33 (± 1.25) 
Aged 0.03 (± 0.01) 0.06 (± 0.06) 0.18 (± 0.28) 0.07 (± 0.02) 0.08 (± 0.01) 
Table 6.3. Average PV working parameters for CsPbI2Br devices prepared at different 
temperatures (N ≈ 16). The ‘fresh’ data is for devices loaded into an airtight box under dry 
N2 for measurement, whereas the ‘aged’ devices had been stored in open air for 24 hours.  
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Fig. 6.8. J-V results on glass/ITO/TiO2/CsPbI2Br/spiro-OMeTAD/Au devices. a) J-V 
(AM1.5) curves of CsPbI2Br (Tannealing = 150°C – 350°C, ΔT = 50°C) champion devices. b) 
Stabilised efficiency of an average performing CsPbI2Br device where the perovskite was 
annealed at 350°C. c), d), e), f) CsPbI2Br (Tannealing = 150°C – 350°C, ΔT = 50°C) device 
performances measured with J-V under AM1.5 illumination in forward and reverse scan 
directions, showing average points and the related standard deviation: best and average 
efficiencies (a), open circuit voltages (b), short circuit currents (c) and fill factors (d).  
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Further to the initial stabilisation tests (Fig. 6.8b), the trend of the current shown in 
Fig. 6.8e was confirmed by the stabilised JSC and the EQE responses for devices having 
CsPbI2Br annealed at 150 - 350°C temperature range shown in Fig. 6.9a and b. The lowest 
current was produced by cells containing CsPbI2Br annealed at 250°C: 7.5 mA/cm
2 
stabilised JSC and a maximum EQE of c.a. 40% compared to a maximum stabilised JSC = 
9.82 mA/cm2 and 65% EQE at 350°C. All devices show a rapid decline in current in the first 
10 seconds, followed by steady state behaviour. However the photocurrent stabilises faster 
for the best performing cells, with the 350°C device achieving a stable current of ~10 
mA/cm2 after 10 seconds. For this reason, for reliable J-V measurements, samples were 
measured after a brief light soaking, using a scan rate of 0.19 V/s.  
Fig. 6.9c shows the hysteretic behaviour of the glass/ITO/TiO2/CsPbI2Br/spiro-
OMeTAD/Au champion device annealed at 350°C and achieving 9.08% efficiency. This 
performance was achieved with the reverse scan, while the forward scan J-V gave a PCE of 
only 6.62%. The average calculated from 16 contacts on devices with CsPbI2Br grown at 
350°C gave 7.32% PCE for the reverse and 5.34% for the forward scan. This 2% absolute 
difference between forward and reverse scans, indicates severe hysteresis of these devices 
and the reason for this behaviour is further discussed in section 6.4.  
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Fig. 6.9. Characterisation of CsPbI2Br devices with films annealed in a temperature range 
of 150 - 350°C. a) Device’s stabilised JSC showing that highest stability and performance is 
achieved by devices with perovskite annealed at the maximum temperature. b) EQE (%) 
showing that the highest current is produced when CsPbI2Br is annealed at 350°C.  c) High 
performing device showing hysteresis: higher VOC and FF are achieved using a reverse scan 
rate (PCE = 9.08%) compared to the forward scan (PCE = 6.62%). 
 
 
6.3.3. CsPbI2Br material stability 
  a) Thin film degradation and characterisation 
As explained previously, when CsPbI2Br films were removed from the inert 
atmosphere of the glovebox they underwent a rapid change in colour from brown to pale 
yellow as shown in Fig. 6.10.  
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Fig. 6.10. Photographs of typical as-grown ‘brown’ CsPbI2Br and aged ‘yellow’ layers 
(20 x 15 mm2). 
 
Interestingly, it was seen that the degradation to the yellow phase starts from 
randomly positioned nucleation points in the layer (possibly pin-holes) that evolve to 
become small circles (see Fig. 6.11a) which merge and slowly cover the whole material. 
This rapid, spreading transformation can be further observed in Fig. 6.11b, which presents 
optical micrographs of the CsPbI2Br degradation in process (one picture every minute, for 
32 minutes). 
 
 
Fig. 6.11. Images of CsPbI2Br layers during degradation. a) Yellow nucleation circles on 
the surface of a layer deposited on glass (20 x 15 mm2). b) Optical micrographs showing the 
progression of the spreading degradation. Pictures were taken every minute until the layer 
became fully transformed into its yellow phase (32 minutes in total).  
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A systematic study was performed on CsPbI2Br thin films in order to find the cause 
of this degradation. The evaluation of the physical state of the samples was performed 
visually, by XRD analysis and optical characterisation with the results being shown in Fig. 
6.12-14. A summary presenting the details of the environmental conditions used and the 
results obtained from each analysis is presented in Table 6.4 (further details of the 
environmental tests are given in section 4.3). 
 
i) Films with up to one week of degradation 
With the exception of ‘UV/O3’ treatment which lasted 54 minutes, exposures to the 
‘UV/N2, ‘dark/air’ and ‘desiccator’ environments lasted one week.  
As shown in the photographs in Fig. 6.12, ‘UV/O3’ treatment on CsPbI2Br layers 
produced only a very weak discolouration of the material. However there was no significant 
change in the XRD and optical measurements, shown in Fig. 6.13a, b and c, indicating that 
there is no major modification of the CsPbI2Br perovskite.  
Comparing the analyses on the CsPbI2Br layers after one week of exposure to the 
other test conditions (‘UV/N2, ‘dark/air’ and ‘desiccator’), shown in Fig. 6.13 a, b and c, it 
can be noted that CsPbI2Br layers degrade only in ‘dark/air’ conditions: XRD patterns (Fig. 
6.13a) from this test alone resemble the “yellow/degraded phase” pattern of the degraded 
control sample. Similarly the transmittance, reflectance and the calculated absorption 
coefficient (Fig. 6.13b and c respectively) shift to the values expected for the yellow phase 
solely for the sample exposed to ‘dark/air’ conditions, i.e. the band gap of brown films (1.92 
eV) shifts to the Eg of the yellow phase (2.85 eV).  
Therefore the results suggest that light (UV-radiation) is not involved in the 
perovskite’s colour change, but air is. Considering that the main reactive molecules in air 
are oxygen and water, particular focus was given to ‘UV/O3’, ‘dark/air’ and ‘desiccator’ 
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conditions which all include air. However, both ‘UV/O3’ and ‘desiccator’ conditions contain 
abundant oxygen but low water concentrations and do not produce significant changes in 
the film appearance. Therefore it can be deduced that the only factor that induces 
degradation is water vapour.  
 
 
Fig. 6.12. Photographs of CsPbI2Br layers exposed to UV/O3 treatment, taken every minute 
for 15 min and then every ten minutes, up to a total of 54 minutes. Colour intensity decreases 
slowly but layers do not show visible degradation, even after almost one hour exposure. The 
samples measure 15 x 20 mm2. 
 
ii) Films after one month of degradation 
Compared to the ‘one week analysis’, the one month degradation analyses (Fig. 
6.13d-f and Fig. 6.14) show that prolonged exposure to ‘UV/N2’ causes degradation in 
addition to the more rapid effect of ‘dark/air’ exposure. This shifts and expands XRD 
patterns and moves the optical absorption towards the yellow phase values. As nitrogen is 
an inert gas, the degradation factor responsible must be UV radiation. However, it must be 
considered that the intensity of the UV lamp chosen was particularly strong and positioned 
very close to the samples. The degradation was visible as yellow patches formed on the 
surface of ‘UV/N2’ sample, whereas the samples stored in the desiccator retained its ‘as 
grown’ appearance, as shown in Fig. 6.14.  
 
It is possible to conclude that the principal cause of the CsPbI2Br perovskite 
transformation is water, followed by a slower sensitivity to strong and continuous UV 
radiation. Following this statement, it is inferred that the degradation is different from 
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MAPI’s (chapter 5), as the effect of ‘UV/O3’ is barely changing the aspect of CsPbI2Br 
layers, even after 54 minutes. Consequently it is inferred that the transformation mechanism 
of CsPbI2Br differs from that of MAPI (chapter 5) which has a much more rapid response 
to ‘UV/O3’ conditions.  
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Fig. 6.13. XRD (a, d) and optical characterisation (b, c, e, f) for CsPbI2Br films exposed to degradation conditions after one week (a, b, c) and 
one month (d, e, f). Results are compared with ‘as grown’ (measured on the first day) and ‘yellow phase’ (degraded) films. a) XRD patterns, b) 
transmittance and reflectance, and c) absorption coefficient analysis of samples exposed to degrading environments for one week, showing the 
references “as grown” and “yellow phase” for comparison. ‘UV/O3’ condition is included, despite lasting for only 54 minutes. The only exposure 
showing significant damage on CsPbI2Br layers is ‘dark/air’. d) XRD and e), f) optical characterisation of films after one month of exposure: 
in addition to ‘dark/air’, ‘UV/N2’ starts showing significant XRD peaks/band gap changes.
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Fig. 6.14. Photographs of layers after one month exposure to degradation factors compared 
to a fresh film. Layers show visible damage in ‘dark/air’ conditions and partial colour loss 
in ‘UV/N2’ containment. The samples measure 15 x 20 mm2. 
 
 
Table 6.4 summarises the main results of all measurements for each degradation 
condition, for both one week and one month exposure periods.  
Overall it is very clear that strongest degradation occurred when the samples were 
exposed to air, which is the only condition with high levels of water. It may be therefore 
concluded that water produces the changes in the CsPbI2Br perovskite structure. Further 
studies of this follow in this section and are discussed in section 6.4.  
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Degradation conditions Characterisation 
Test 
 Illumination 
Containment Atmosphere UV, O2 
and/or H2O 
Duration Visual XRD Optical Conclusion 
“UV/O3” UV lamp UV-ozone 
cleaner 
Dry air 
with ozone 
UV, O2 54 
minutes 
Slightly 
discoloured 
but brown 
No change No 
change 
UV and O2/O3 do 
not affect film 
“UV/N2” UV lamp Glovebox N2 UV One week No change 
(brown) 
No change No 
change 
Long exposure to 
strong UV 
radiation produce 
small changes on 
the film structure 
One 
month 
Yellow 
patches 
Shifted 
peaks 
Shifted Eg 
“Dark/air” None Wrapped 
petridish in 
drawer 
Air 
(RH > 15%) 
O2, H2O One week Yellow New 
pattern 
Shifted Eg Humidity changes 
structure 
immediately 
One 
month 
Yellow New 
pattern 
Shifted Eg 
“Desiccator” Lab lighting Desiccator 
(silica gel in 
transparent 
container) 
Air 
(RH < 15%) 
O2 
(low [H2O]) 
One week No change 
(brown) 
No change No 
change 
O2 does not affect 
the structure 
One 
month 
No change 
(brown) 
No change No 
change 
Table 6.4. Summary of the result of degradation trials on CsPbI2Br. The most important degradation factor was identified as atmospheric 
moisture (RH >15%). 
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 b) Threshold humidity for degradation 
In the previous section, it was shown that humidity affects the CsPbI2Br structure by 
inducing degradation. However, CsPbI2Br layers maintained in a desiccator with RH < 15% 
did not show any transformation process, even after one month (Fig. 13d, e and f). For this 
reason, it is postulated that the humidity threat to the perovskite structure occurs above a 
specific threshold. Since it was not possible to create environments with controlled water 
concentrations, it is only possible to state that relative humidity levels above 15% may be 
responsible for CsPbI2Br degradation, rather than to identify a particular threshold. 
Nevertheless, a qualitative relationship between air humidity levels and the rate of 
degradation has been observed: on rainy days the films degraded very quickly, while on 
sunny days the transformation happened over a longer period of time.  
 
 c) ‘Yellow’ phase identification and recovery of the ‘brown’ CsPbI2Br phase 
Here the nature of the yellow phase that is formed after degradation is investigated. 
First, the XRD pattern of the yellow films were compared with the patterns of the 
series of caesium and lead salts that could possibly be related to the CsPbI2Br. However, as 
shown in Fig. 6.15, none of the salts revealed matching peaks with the yellow material, and 
therefore it may be concluded that the material does not decompose into these caesium or 
lead salts when transforming from the brown to the yellow phase.  
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Fig. 6.15. XRD characterisation of yellow CsPbI2Br films: the experimental peak positions 
(top panel) are compared to reference data for those of Cs and Pb salts which may correspond 
to the major components of the yellow phase. Each compound peak reference was given by 
the X’Pert HighScore PANalytical reference systems. No match was found between the 
yellow phase and any of the salts, implying that the degradation is not a decomposition to 
the material’s components.  
 
Since the formation of the yellow phase occurs as a consequence of the presence of 
humidity, annealing trials on a hot plate were conducted to remove any possible physisorbed 
water. Indeed, the yellow films recovered their brown appearance upon annealing: Fig. 6.16 
shows the XRD pattern and CsPbI2Br layer photographs before and after the recovery, 
revealing that both crystal structure and visual appearance of CsPbI2Br layers were 
recovered after re-annealing. The only difference that can be detected comparing the ‘fresh’ 
and the ‘re-annealed’ XRD patterns, relates to the presence of a peak at 43.2° 2θ which most 
probably corresponds to PbI2. The unreacted reagent may suggest that the annealing time 
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for the recovery process should be increased (> 10 min) in order to complete the conversion 
to the brown material.  
The minimum temperature required to complete the recovery of the material was 
250°C, and not 100°C as would have been expected for physisorbed water. Therefore, it was 
speculated that the water involved could be chemisorbed. This possibility is explored in the 
next section. Nevertheless, by increasing the temperature above 250°C up to 350°C, the 
uniformity and the colour of the films improved, similarly to the as grown samples shown 
in Fig. 6.3a.  
 
 
Fig. 6.16. XRD patterns and photographs of as grown, aged and re-annealed/recovered 
CsPbI2Br thin films deposited on quartz glass (20 x 15 mm
2 samples). 
 
 
   
d) The role of water in CsPbI2Br degradation 
Powder samples of CsPbI2Br were used in further investigations of the role of water 
in the degradation process. The visual appearance of fresh powders being degraded in air in 
only few minutes is shown in Fig. 6.17a. Powders show faster degradation in air compared 
to thin films, as the surface area is much greater.  These degraded powders were compared 
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to fresh brown CsPbI2Br powder by using DSC-TGA and 
1H NMR analysis and the results 
are shown in Fig. 6.17b, c. 
First, the DSC-TGA analysis (Fig. 6.17b) of the yellow and brown powders shows 
that the main feature for both samples is an exotherm at 463°C which corresponds to melting, 
confirming that the material composition of the two samples is identical and stable until high 
temperatures. However, the aged (yellow) powders present an additional small exotherm at 
~255°C, highlighted in the inset, which is not showing weight loss. As there is no 
evaporation of major components, this trough may indicate a phase transition of the material: 
indeed, the exotherm temperature matches with the temperature needed to recover aged 
films on the hotplate, as presented in section 6.3.3.c. 
However, further analysis was performed as the proportion of water (if present) 
might be very small and much lighter compared to the major components of CsPbI2Br. 
1H 
NMR is able to recognise the presence of small quantities of water. However, the only peaks 
that were identified for both fresh and aged powders correspond to the deuterated solvent 
DMSO-d6
 peaks (quintuplet at 2.5 ppm) and its very small water impurity peak (3.3 ppm),26 
as shown in Fig. 6.17c. Therefore NMR analysis did not show evidence of water in the aged 
sample, confirming the results obtained from the DSC-TGA analysis. 
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Fig. 6.17. CsPbI2Br powder characterisation. a) Visual appearance of fresh powders 
degrading quickly in air (RH >> 15%), turning to yellow degraded powders in a very short 
time. b) DSC – TGA of fresh and aged samples showing a melting peak at 463°C for both 
samples and a phase transition exotherm at 255°C for the yellow powders. c) 1H NMR 
analysis on fresh and aged powders: the spectra are identical and do not show the presence 
of water. The quintuplets at 2.5 ppm correspond to DMSO-d6 solvent and the very small 
peaks at 3.3 ppm indicate water impurities in the solvent.  
 
 
Consequently, it was concluded that water is not a major component of the 
‘degraded’ yellow CsPbI2Br, but nevertheless it triggers the transformation from the brown 
to the yellow material. It is therefore most likely that the transformation is not degradation 
but a phase transition, which is a common feature in many perovskite materials. Further to 
this, Sharma et al. (1992) reported a phase diagram for the whole CsPbI3-xBrx composition 
range, as shown in section 3.3.2.a, in which there is a phase change from orthorhombic to 
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cubic at a composition dependent temperature.8 For CsPbI2Br the phase transition from 
orthorhombic to cubic structure is reported to be at 210°C. Nevertheless it may be inferred 
that the DSC-TGA exotherm at 255°C (Fig. 6.17b) corresponds to a phase transition from 
the brown α-cubic high temperature perovskite phase to the room temperature yellow δ-
orthorhombic phase of CsPbI2Br.  
Overall it may be concluded that it is this phase transition that is responsible for the 
brown to yellow transformation. Moreover, the as-grown brown films are the metastable 
high temperature phase and their transformation to the more stable yellow phase is triggered 
by water vapour. 
 
 
6.3.4. CsPbI2Br device degradation  
Table 6.3 (see section 6.3.2.b), compares the J-V parameters of fresh glass/ITO/c-
TiO2/CsPbI2Br/spiro-OMeTAD/Au solar cells with these of aged devices after 24 hours of 
exposure to air. Typical J-V curves of ‘before’ and ‘after degradation’ devices are shown in 
Fig. 6.18a, with the behaviours of PCE and VOC at different perovskite annealing 
temperatures in Figs. 6.18b and c respectively.  
As shown by the comparison of J-V curves of fresh and degraded devices containing 
CsPbI2Br annealed at 350°C (Fig. 6.18a), considerable loss of the device efficiency occurred 
after one day of air exposure, with almost 100% loss of PCE being caused by a current drop 
from 11.74 mA/cm2 to 0.24 mA/cm2 (Table 6.3). This can be directly related to the colour 
change of the absorber from brown (1.92 eV) to yellow (2.25 eV), and hence from perovskite 
cubic to the orthorhombic phase. Similar changes occur for devices containing CsPbI2Br 
annealed at all temperatures (Table 6.3): overall the PCE of the devices after degradation 
(Fig. 6.18b) is determined by the collapse in JSC. However, the open circuit voltages remain 
remarkably high despite the sample “degradation” (Fig. 6.18c) and retain > 75% of their 
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original values. The reason for this behaviour might be related to the presence of favourable 
band line ups for both cubic and orthorhombic phases with the device’s hole and electron 
transporting materials.  
 
 
Fig. 6.18. As grown and aged device performances: a) illuminated J-V curve of a device 
containing the perovskite annealed at 350°C, presenting the 6.46% PCE curve dropping at 
0.08% after 24 h in air, showing the collapse in JSC and the retention of VOC. b) Fresh and 
aged efficiencies of devices containing CsPbI2Br annealed at different annealing 
temperatures. All PCEs collapse to almost 0% after ageing. c) VOC values of fresh and aged 
devices, with CsPbI2Br annealed at T = 150 - 350°C, showing an unexpected retention of 
the open circuit voltage after ageing. 
 
   
6.3.5. Device recovery 
A study of the device recovery was performed by preparing fresh and degraded 
devices on the same day and using the same precursors, in order to produce reliable results 
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which could be compared (section 6.2.4). For this study, only the devices with the perovskite 
annealed at 350°C were considered, as this is the temperature that showed best PV 
performance.  
The J-V curves of both fresh and recovered devices were measured and compared. 
Table 6.5 and Fig. 6.19 show examples of J-V data of fresh and recovered devices, showing 
a device PCE recovery of 100%, from 5.42% PCE of the as grown device, to 5.42% of the 
recovered device. In addition, Fig. 6.19b shows the stabilised efficiencies of the two devices: 
the fresh device shows a 4.1% PCE while the recovered device 4.3% PCE at the end of the 
measurement (70 seconds). Both show a fast efficiency decay in the first 5 seconds followed 
by a slower decline, which however does not reach a steady state. Nevertheless, the 
recovered stabilised efficiency showed slightly better performance than that achieved by the 
fresh device, in the best case up to 115% of the original performance.  
 
 Fresh devices Recovered devices 
VOC (V) 1.00 1.00 
JSC (mA/cm2) 9.80 9.50 
FF (%) 55.6 56.1 
PCE (%) 5.42 5.42 
Table 6.5. Example of a 100% recovered CsPbI2Br device J-V performance, showing data 
collected before the degradation and after the recovery. The related J-V curves and stabilised 
efficiencies are shown in Fig. 6.19. 
 
 
Generally, the tendency of the recovered materials was to show lower JSC, but higher 
VOC and FF: an example of these behaviours can be seen in the J-V curve in Fig. 6.19a. This 
may be associated with an improvement of the film’s quality after the re-annealing process.  
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Fig. 6.19. J-V measurement under AM1.5 illumination of CsPbI2Br recovered devices. a) 
Performances of devices starting from fresh, aged and then recovered, showing a 100% 
recovery. b) Stabilised PCE of the fresh and recovered devices, showing an initial drop (5 
sec) of PCE followed by a PCE at 4.3% for the recovered and a 4.1% PCE for the fresh 
device after 70 seconds. 
 
 
Finally it should be noted that the devices used in the degradation study had lower 
performances than the best achieved in this work. This may be attributed to the humid local 
weather conditions at the time. Nevertheless, the high number of samples used (16 as grown 
and 16 recovered devices) gives confidence that the effects observed are genuine.  
 
 
6.4. Discussion 
In this chapter CsPbI2Br perovskites were studied: films were deposited and their 
uniformity and structure evaluated over a preparation temperature range 150°C < T < 350°C, 
ΔT = 50°C, to find the best annealing temperature. Preparation at 350°C generated uniform 
brown films having a band gap of 1.92 eV which were highly crystalline (cubic) and had 
grains up to 2 μm and few pin-holes. However, films annealed at 150 and 200°C showed 
non-uniform colour and were resistive. 
The stability of CsPbI2Br was also investigated. In the literature, this inorganic 
perovskite has attracted interest due to its thermal stability. However, although the thermal 
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stability to decomposition was demonstrated by thermo-gravimetrical analysis up to the 
melting point at 463°C, CsPbI2Br films prepared in the glovebox rapidly showed 
discolouration when exposed to air. Since MAPI degraded into its original components 
turning into a yellow film after exposure to UV/O2 or H2O, the initial hypothesis was that 
CsPbI2Br presented the same issue. On the other hand, the compositional similarity of 
CsPbI2Br to CsPbI3, which is unstable in its high temperature cubic phase and stable in its 
orthorhombic phase at room temperature, suggested an alternative mechanistic possibility. 
Therefore a strategic study was used to investigate the cause of CsPbI2Br transformation and 
this identified water vapour as being important. However, no physisorbed or chemisorbed 
water was found within the ‘degraded’ compound and similarly no precursor or derivative 
salts were identified in the material by XRD analysis, suggesting that the yellow phase only 
corresponded to a different structure of the CsPbI2Br perovskite rather than to a hydrated 
phase or a mixture of its component salts.  
Concordantly, DSC-TGA analysis performed on yellow CsPbI2Br powders detected 
an exotherm at 255°C with no weight loss, which may correspond to the phase 
transformation which was reported in 1992 by Sharma et al.8 They showed that most 
perovskite compounds generally change their crystal structure with decreasing temperature, 
normally following the order cubic, tetragonal, orthorhombic and monoclinic. However, 
each type of perovskite may show different phase transition temperatures. In the case of the 
pseudobinary CsPbI3 – CsPbBr3 (T – x) phase diagram shown in Fig. 6.20, the same authors 
showed a phase boundary separating the low temperature orthorhombic/tetragonal from the 
high temperature cubic phase. However, while the pure CsPbBr3 presented a tetragonal 
phase field between the orthorhombic and the cubic phases (88°C > T > 130°C),27 in CsPbI3 
this tetragonal phase was not detected and therefore the transition occurring at 310°C 
corresponds to a direct orthorhombic – cubic transition.8 In the case of CsPbI2Br, as it has a 
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more similar composition to CsPbI3, an orthorhombic – cubic transition may also be likely, 
but it cannot be excluded that a tetragonal phase is formed in a small range of temperatures. 
For CsPbI2Br the transition temperature is reported at 210°C, this being slightly lower than 
the one identified in the DSC-TGA analysis (255°C), as shown in Fig. 6.20. It may be 
therefore speculated that the discrepancy between these phase transition temperatures is 
attributed to the presence of an intermediate CsPbI2Br tetragonal phase. 
Systematic studies of the environmental factors that could cause degradation or other 
kinds of transformation identified that the most influential factor is water vapour at RH ≥ 
15%. The conclusion that best accounts for the experimental observations is therefore as 
follows: CsPbI2Br has two phases – the room temperature stable phase being the yellow 
orthorhombic δ-phase and the high temperature (255°C < T < 463°C) brown cubic α-phase. 
As grown samples of CsPbI2Br prepared by annealing at 350°C adopt the brown cubic phase, 
and this is metastable at room temperature. Exposure to water triggers the transformation of 
the brown phase to the yellow phase. Heating to T > 255°C regains the brown phase which 
may again be metastable at room temperature. 
It was noticed that the water interaction with the cubic perovskite initiated in small 
areas, possibly pin-holes with high surface area, which gradually became larger, spreading 
through the whole film. It is therefore speculated that water interacts with the perovskite 
surface dangling bonds and/or metal ions. In particular, in the literature it has been shown 
that CsBr has a high solubility in water28 which may contribute to destabilising the room 
temperature metastable cubic crystal structure of CsPbI2Br.  
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Fig. 6.20. CsPbBr3 – CsPbI3 pseudobinary phase diagram re-drawn from Sharma et al.8 Data 
points for the melting and phase transition temperatures from this work are shown. 
 
 
CsPbI2Br devices were fabricated with the superstrate architecture glass/ITO/c-
TiO2/CsPbI2Br/spiro-OMeTAD/Au. First, devices were optimised by thinning the TiO2 
layer which increased the perovskite’s photon absorption between 370 – 420 nm. 
Furthermore, containment in a dry nitrogen filled box prevented degradation of the devices 
during the analyses and maintained the perovskite in its brown cubic α-phase. The goal of 
the device preparation was to find the optimised temperature to anneal CsPbI2Br thin films: 
devices were therefore fabricated using the perovskite films annealed at different 
temperatures and the J-V and EQE analysis on these devices were measured.  
The best device performances were recorded when the CsPbI2Br films were annealed 
at 350°C. From the film characterisation it was shown that there had been complete 
conversion into the brown cubic phase, and that the higher processing temperatures 
encourage the formation of more uniform films having larger grains and fewer pin holes, as 
confirmed by visual appearance and SEM analysis. Devices containing these films are 
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therefore characterised by higher efficiency, mainly improved by the increased FF. All films 
annealed at T > 250°C showed improvement in uniformity and increased crystallinity.  
Of all the annealing temperatures used, 250°C was found to be the temperature that 
gave the minimum device performance. 250°C is also the temperature responsible for the 
orthorhombic-cubic transition, as was shown by the DSC-TGA analysis, and this is likely to 
be the cause of the low device performances. Films grown at 250°C were less crystalline 
and were possibly of mixed phase.  
From the phase diagram in Fig. 6.20, at T < 250°C the CsPbI2Br should be stable in 
its lower energy yellow orthorhombic δ-phase. Therefore, perovskite layers annealed at T < 
250°C should appear yellow and show the orthorhombic structure in the XRD patterns. 
However, as shown in Fig. 6.3, the layers look brown, non-uniform and present orange 
patches and in addition, the electron micrographs show resistive films and ‘flower-shaped’ 
areas for the 200°C layer. Therefore it may be speculated that there are multiple phases in 
these films, caused by a miscibility gap of the CsPbI3-xBrx compound at T < 250°C. The 
effect of possible mixed phases, was also found in devices, as solar cells fabricated using 
the 150°C annealed CsPbI2Br showed extraordinary efficiencies (7.23% max PCE), not in 
agreement with the trend of the performances of the other devices, and large standard 
deviation of the J-V parameters (Fig. 6.8). This indicates that the high performance is not 
consistent and reveals that a spatial variation of mixed phases may be present in the films. 
Some of these possible phases are reported in Table 6.6. This shows the characteristics of 
the most important phases of the CsPbI3-xBrx compounds, such as CsPbBr3, CsPbI3, 
CsPbI2Br and CsPbIBr2, and for each compound the temperature range, visual appearance 
and device performances from the literature are shown, where applicable. Furthermore, the 
Table considers the possible phases that might be present at an annealing temperature of 
150°C. These are the cubic orange CsPbBr3 (visually detected, see Fig. 6.3), the 
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orthorhombic yellow CsPbI3, the orthorhombic yellow CsPbI2Br and the black cubic 
CsPbIBr2. However, while the yellow orthorhombic phases cannot contribute large currents 
to the device performances, the cubic phases of CsPbBr3 and CsPbIBr2 may be responsible 
for the high device performances when the perovskite was annealed at 150°C: these 
compounds alone have produced devices with 5.95% and 8% PCE respectively (Table 
6.6).29,30 The similarity of PCE between these films and the device with perovskite annealed 
at 150°C may support the hypothesis that phase separation is responsible. However, 
absorption coefficient calculations and XRD analysis performed on 150 and 200°C films 
(Fig. 6.4), show a cubic perovskite phase only. The reason for this may be related to the fact 
that the non-cubic phases are formed on the corners of the sample, as consequence of the 
non-uniform hot-plate heating system and the spin-coating technique that forms thinner 
layers on the corners. Therefore the brown CsPbI2Br may prefer to crystallise in the centre 
of the samples and this is the area that is normally investigated by the UV-Vis and X-ray 
methods, with a small spot size in comparison to the total film area. 
Compound T Crystal 
structure 
Phase 
colour 
Max PCE 
recorded 
Ref. Present at 
150°C? 
CsPbBr3 
RT 
> 88°C 
> 130°C 
Orthorhombic 
Tetragonal 
Cubic 
Black 
N/A 
Orange 
- 
- 
5.95% 
 
 
30 
No 
No 
Yes 
CsPbI3 
RT 
>310°C 
Orthorhombic 
Cubic 
Yellow 
Black 
- 
1.7% 
 
31 
Yes 
No 
CsPbI2Br 
RT 
> 255°C 
Orthorh./Tetrag.* 
Cubic 
Yellow 
Brown 
- 
9.8 % 
 
5 
Yes 
No 
CsPbIBr2 
RT 
> 100°C 
Orthorh./Tetrag.* 
Cubic 
N/A 
Black 
- 
8.0 % 
 
29 
No 
Yes 
Tab 6.6. Summary of temperature dependent crystal structures of the main CsPbI3-xBrx 
compounds, presenting the colour of their phases and the maximum device performances 
achieved.5,8–10,27,29–31 *The tetragonal phase was not identified but its existence cannot be 
excluded.  
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Overall, the best efficiency recorded with the CsPbI2Br annealed at 350°C was 
9.08% (1.05 V VOC, 12.68 mA/cm
2 JSC and 60.2% FF). Table 6.7 shows a comparison 
between devices fabricated at the University of Liverpool, University of Oxford and 
Stanford University, the three highest PCEs reported when this work was ongoing. The table 
includes the highest, average and stabilised efficiencies achieved in each University. The 
highest PCE device was fabricated by Snaith’s group,5 reaching 9.8% compared to 9.1% for 
this work. Both cases consider the reverse J-V scan, as both are strongly affected by 
hysteresis (2 – 2.5% absolute difference between forward and reverse scans). On the 
contrary, McGehee’s group10 using an inverted device structure  
(ITO/PEDOT:PSS/CsPbI2Br/PCBM/BCP/Al) have fabricated almost hysteresis-free 
CsPbI2Br devices. Hence, the highest efficiency presented by the Stanford group shows 
almost comparable results for reverse and forward scans (6.8% and 6.7% respectively), but 
it is slightly less efficient than the others. These results suggest that the main cause of 
hysteresis for the fully inorganic perovskite solar cells may be related to the choice of hole 
and electron transporting materials. In terms of average efficiencies, the devices fabricated 
in our laboratory show the best results (6.3% PCE against 6.0% PCE in Oxford). However 
the highest stabilised efficiency was reached at Stanford University, with a 6.5% PCE 
CsPbI2Br solar cell device.  
Tab 6.7. Comparison between champion, average and stabilised efficiencies obtained in our 
laboratory, University of Oxford and Stanford University (before January 2018). 
 
 Liverpool Univ. 
(this work) 
Oxford Univ. 
(Prof. H. J. Snaith)5 
Stanford Univ. 
(Prof. M. D. McGehee)10 
Peak PCE (%) 
Forward scan 6.6 
Reverse scan 9.1 
Forward scan 7.8 
Reverse scan 9.8 
Forward scan 6.7 
Reverse scan 6.8 
Average PCE (%) 6.3 6.0 n/a 
Stabilised PCE (%) 6.2 5.6 6.5 
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  The work presented on the material stability was further expanded to devices. As 
for CsPbI2Br thin films, when devices were exposed to air they underwent degradation as a 
consequence of the perovskite phase transition. Devices containing the yellow δ-phase 
CsPbI2Br lost their performance, as a result of the widening of the band gap (2.85 eV). 
However, despite the current loss causing PCEs < 0.1%, the VOC remained remarkably high, 
maintaining 75% of the original value (or 86% for devices where the CsPbI2Br was annealed 
at 350°C). 
A consequence of the transformation from brown to yellow CsPbI2Br being a phase 
change and not a material degradation, is that the phase transition can be reversed. After 
turning yellow, the material could be reconverted into its cubic phase upon annealing above 
255°C (ideally at 350°C to recover the high crystallinity), showing a quick transformation 
to its original brown colour. This CsPbI2Br perovskite recovery to its cubic phase was also 
applied to devices. Re-heated perovskite layers regained their photoactive semiconducting 
properties and therefore restored the device performances, up to as high as 115% of the 
original average PCE. It may be speculated that the reason why devices work better after 
the recovering process, derives from a reorganisation of defects followed by larger grain size 
of the crystalline perovskite structure, that yield to an improvement of the devices’ fill factor. 
 
 
6.5.  Conclusions 
Chapter 6 has presented a complete study on the inorganic CsPbI2Br perovskite 
material, focussing on the film preparation, device fabrication and optimisation and finally 
on the material stability and recovery.  
CsPbI2Br films were deposited via spin-coating a precursor solution inside a 
glovebox and then annealed at temperatures between 150°C and 350°C. All annealing 
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temperatures produced brown films (1.92 eV), however the best film crystallisation was 
observed in films annealed at the highest temperature (350°C). Nevertheless, all films were 
used to prepare devices. J-V and EQE analysis performed on devices confirmed that the best 
annealing temperature for the films preparation is 350°C, and the champion efficiency 
obtained was 9.08% using a glass/ITO/c-TiO2(50nm)/CsPbI2Br/spiro-OMeTAD/Au device 
architecture. The PCE recorded is comparable to the world’s best PCE (9.84%, R. J. Sutton 
et al.),5 however both results are referred to reverse J-V scans, as forward scans produce 
lower efficiencies (best forward scan 6.6% PCE). Hence hysteresis affects devices, but it 
can be reduced by using different hole and electron transporting materials (R. E. Beal et 
al.).10  
While the highest performance devices were formed from CsPbI2Br at 350°C, 
unexpectedly high performance was found for films fabricated at as low as 150°C. This is 
speculated to be due to a low temperature miscibility gap between CsPbI3 and CsPbBr3 that 
could give high performance, although this is not considered to be a valuable route to PV 
devices in itself since this compound is not sufficiently stable.  
The CsPbI2Br perovskite was confirmed to be thermally stable, melting at 463°C. 
Furthermore, CsPbI2Br is more stable than CsPbI3 and has the advantage of having a lower 
band gap than CsPbBr3. However, this study has shown that despite CsPbI2Br having a 
higher stability relative to the pure iodine compound, its brown α-phase is metastable at 
room temperature. The triggering destabilisation factor was investigated by isolating 
CsPbI2Br thin films in specific environments (‘UV/O3’, ‘UV/N2’, ‘dark/air’ and ‘desiccator’ 
with RH < 15%) chosen to elucidate the factor responsible for the transformation. The cause 
of the destabilisation of the brown α-phase was found to be water vapour. However, DSC-
TGA and NMR have shown that water only provokes the phase transformation, but it does 
not form a hydrated perovskite compound. Furthermore, it was proved by XRD and DSC-
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TGA analysis that the transformation between brown and yellow material is a phase change 
rather than a decomposition of the materials into different compounds going from a brown 
cubic phase (1.92 eV) to yellow non-perovskite phase (2.85 eV). This is similar to the case 
for CsPbI3. Therefore, yellow films were easily converted to the cubic photoactive form 
upon reannealing at 350°C. The recovery of the films was extended to devices and it was 
seen that devices containing degraded yellow phase perovskite and showing PCE < 0.1%, 
recovered up to 115% of their original performance after re-annealing the perovskite film.  
In conclusion, CsPbI2Br perovskite in the brown cubic phase has the potential to be 
utilised in commercial solar cell devices, in particular in tandem devices as a consequence 
of the large band gap, but an effective encapsulation would be required to avoid contact with 
humid air to maintain the brown photoactive perovskite phase.  
Future work should involve a deeper study on the effect of prolonged exposure to 
humidity on encapsulated cells to control the effectiveness of this protection. Furthermore, 
a passivation study aimed to protect the perovskite’s surface could be useful to avoid or 
delay the humidity effect on the metastable cubic phase. The passivation could also be 
focussed on reducing the number of pin-holes in the layers which would create larger crystal 
grains and reduced the grain boundaries surface area, reducing recombination processes and 
improving the CsPbI2Br device performances.   
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7. Perovskite/silicon heterojunctions 
 
 
 
 
 
7.1. Introduction 
Silicon is the most common material for the fabrication of solar cells,1,2 and has the 
advantages of enabling solar devices with high stability and performance. However, 
compared with fossil fuel generation, PV-generated power from silicon solar cells remains 
expensive and hence it is not completely viable worldwide for large scale power 
generation.3–5 Therefore, numerous research groups are focussing on simplifying silicon 
solar module manufacturing. For example, an important issue is the energy cost of high 
temperature silicon processing which may potentially be avoided by using solution 
processed treatments.6 Organic materials were therefore proposed in combination with 
silicon as they may be deposited rapidly and with low-cost processes.6–9 In particular, in the 
literature it was shown that it is possible to form silicon heterojunctions with P3HT (poly 
(3-hexylthiophene)) and PEDOT:PSS (poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate))6–9 and furthermore, C. Sturm et al. showed 
that by using a silicon/PEDOT heterojunction it is possible to reach a PCE of 11.7%, which 
represents one of the best device performances of this type achieved up to now.9  
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Silicon/polymer heterojunctions are not the only ‘new’ application using silicon solar 
cells in the recent years. Perovskite materials were used in the fabrication of tandem solar 
cells, in order to further increase the silicon solar cell performances by using a facile and 
low-cost process.10 Therefore, perovskite materials with large band gaps have been 
combined with silicon solar cells to form silicon/perovskite tandem solar cells. This device 
architecture combines two solar cells, a p-n silicon junction and a p-i-n perovskite junction, 
using either 2- or 4-terminal connections.11–15 The perovskite solar cell (Eg = 1.9 eV) is 
positioned on top of the silicon solar cell to maximise the photon utilisation by minimising 
hot electron losses. In this way a broad light spectrum can be absorbed by the tandem solar 
cell and the device performance may be improved compared to that achievable with a single 
junction.10,12,14 With this device architecture, K. Catchpole et al. have fabricated the latest 
record efficiency for a perovskite (RbCsMAFAPbI3−xBrx)/silicon tandem solar cell which 
has shown a PCE of 26.4%.16  
By combining the two ideas of a) combining silicon with a solution processed 
semiconductor to form a heterojunction and b) using silicon with perovskite solar cells, a 
new device configuration was proposed and a study of it is presented in this chapter. Silicon 
and perovskite were combined together forming a single device rather than a combination 
of two solar cells (tandem solar cell), with the goal of understanding if it is possible to form 
a heterojunction between silicon and MAPI, thus forming a new type of solar cell device.  
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7.2. Experimental methods 
7.2.1. Device fabrication 
Silicon wafers were cleaned and prepared for perovskite deposition as explained in 
section 4.1.2. The choice of perovskite material to use for these heterojunctions was 
determined by the feasibility of their deposition techniques and their stability.  
Preliminary studies were conducted using both MAPI and CsPbI2Br perovskites, but 
the silicon/CsPbI2Br heterojunction was quickly dismissed as it was too unstable in air. 
Therefore the results presented in this chapter refer only to heterojunctions made with MAPI. 
Both MAPI prepared with the one- and two-step processes were used for the fabrication of 
devices, however the two-step method showed technical difficulties in the deposition 
process, forming patchy MAPI layers and leaving large areas of the silicon uncovered. 
Therefore this deposition technique was abandoned and only MAPI prepared with the one-
step deposition technique was used. 
A total of 101 devices were fabricated. The best procedure to make devices is 
described here, for both n-Si and p-Si/MAPI heterojunctions. Once the wafers were 
introduced in a nitrogen filled glovebox, device fabrication immediately took place to avoid 
any contamination of the wafers’ surface. In order to facilitate the spin-coating procedure of 
the thin and fragile wafers, the wafers were glued onto quartz coated glass (20 x 15 mm2, 
Ossila Ltd.). A film of MAPI was then deposited onto the silicon wafer by using the one-
step process. Deposition was difficult compared to the deposition of MAPI on glass or TiO2, 
as the surface of the wafers was smoother and user skills needed to be developed in the spin-
coating process in order to avoid patchy layers and to obtain uniform films. Moreover, the 
anti-solvent treatment was not used as it was found to give poor reproducibility. The one-
step method selected to deposit MAPI on silicon (section 5.2.2.a) was dynamic spin-coating 
for depositing a precursor solution of PbI2/CH3H3I/DMSO solution (1 : 1 : 1 molar ratio) in 
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0.6 ml DMF (50 μl, 4000 rpm, 25 seconds) followed by annealing (1 minute at 65°C and 
then 2 minutes at 100°C). See section 5.2.2.a for more information. However, the thickness 
of MAPI on silicon (~550 nm) showed increased values compared to the thickness produced 
on glass (~300 nm).  
 
  a) n-Si/MAPI heterojunctions 
Numerous studies of MAPI deposited on crystalline n-type silicon wafers (n-Si, 
(100) ± 0.5°, phosphorous doped, 355 – 405 μm thickness, Pi-KEM Ltd) were conducted in 
order to optimise the device architecture. Preliminary studies were performed on n-Si with 
resistivity of 1 – 10 Ω·cm, and supplementary studies were conducted onto n-Si wafer with 
resistivities of 1 – 5 Ω·cm, 5 – 10 Ω·cm and 10 – 15 Ω·cm ((100), Mi-Net Technology Ltd). 
Table 7.1 shows the average carrier concentration of these n-silicon wafers according to 
their resistivity.  
Resistivity 
(Ω·cm) 
Carrier concentration 
(cm-3) 
1 - 5 8.95·1014 – 4.83·1015 
5 - 10 4.41·1014 – 8.95·1014 
10 - 15 2.92·1014 – 4.41·1014 
Table 7.1. Carrier concentration of n-Si wafer according to resistivity. These values were 
derived from conversion tables which refer to the type of dopant (phosphorous) and type of 
silicon (c-Si), considering room temperature conditions.17  
 
Initial studies began with depositing only MAPI onto silicon using a substrate 
configuration, the ultimate device architecture that produced the best working devices was 
Al/n-Si/MAPI/spiro-OMeTAD/Au, as shown in Fig. 7.1a. The evolution of the device 
architecture to form the silicon/MAPI heterojunctions is described next and an explanation 
of the reasons of these evolutionary steps is presented in section 7.3.2. 
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After perovskite annealing, samples were cooled down to room temperature and 
prepared for the deposition of i) thick gold contacts, or ii) thin (optically transparent) gold 
layer and then thick gold contacts or iii) spiro-OMeTAD and then gold, as follows:  
i) n-Si/MAPI samples were coated with 50 nm thick evaporated gold contacts on top 
of the perovskite using masks with 1 mm lines, over the whole length of the sample, 
leaving 2 mm between each line. 
ii) The perovskite layer was fully covered with an ultra thin layer of gold (5, 10, 15, 20 
nm thick, see optimisation study in section 7.3.1.c) and later a second gold 
evaporation was conducted to deposit 50 nm thick gold lines (1 mm width, every 2 
mm). The effect of depositing ultra thin gold layers over the surface of MAPI (where 
the light enters) was evaluated by characterising the thin layers of gold alone 
deposited on quartz coated glass: the sheet resistance was measured using a four 
point probe, whereas the transmittance was analysed by UV-Vis spectrophotometry.  
iii) 70 μl of a doped solution of spiro-OMeTAD (2,2',7,7'-Tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9'-spirobifluorene) in chlorobenzene (see section 5.2.4b) 
was dynamically spin-coated at 3000 rpm for 30 seconds on top of MAPI. After 12 
hours in a desiccator (RH < 15%) the devices were contacted with gold. An ultra thin 
layer (5 - 20 nm thick, with 10 nm being the best thickness) of Au was then uniformly 
deposited over the spiro-OMeTAD layer, followed by a second but thicker gold layer 
(50 nm thickness) using a shadow mask to form thin lines (1 mm width, every 2 mm). 
For all devices, small rectangles (3 x 4 mm2 or 3 x 5 mm2, with contact areas of 0.12 
or 0.15 cm2 respectively depending on the sample) were formed by scribing the soft layers 
(MAPI, spiro-OMeTAD, Au) off. Since these devices have a substrate configuration, the 
contact area was shadowed by the gold layers, and in particular by the 1 x 4 mm2 thicker 
gold layer (front contact). Therefore the PCE measured from the devices may be 
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underestimated. As the samples were not very uniform, between 4 and 6 contacts (normally 
positioned in the centre of the sample) were considered for the measurements for each 
device.  
Finally, a small part on top edge of the sample was scratched off to remove the layers 
on the silicon and a ~100 nm thick aluminium contact was deposited (see Table 7.2).  
The architecture and appearance of the devices prepared with recipe c) are shown in 
Fig. 7.1a and b. Devices were finally characterised by J-V, EQE and C-V analysis (see 
section 4.4.1) in air.  
 
  b) p-Si/MAPI heterojunctions 
p-type crystalline silicon wafers (p-Si (100), boron doped, 380 μm thickness, 1-10 
Ω·cm, Pi-KEM Ltd) were used to prepare p-Si/MAPI heterojunction devices. Preliminary 
studies were performed on MAPI deposited onto the wafers with a one-step process with 
gold contacts evaporated on both the p-Si and the MAPI for the back and front Ohmic 
contact respectively (see Table 7.2).  
Au/p-Si/MAPI/ZnO/AZO/Au devices were also fabricated. Above the MAPI layer a 
100 nm zinc oxide film was deposited by RF sputtering (5 mTorr, 150 Watts, 30 minutes, 
room temperature, rotation on). As deposition was performed on top of the MAPI (which 
degrades at T > 100°C), deposition was restricted to room temperature. However, the usage 
of low temperature deposition produces a low n-type doping of ZnO. Transparent conductive 
aluminium doped zinc oxide (AZO) was therefore deposited on top to improve the 
conductivity. In the same chamber, RF sputtering was used to deposit AZO (2 mTorr, 200 
Watts, 3 hours, room temperature, rotation on), producing a film ~300 nm thick. Both ZnO 
and AZO were deposited forming rectangles of 0.12 cm2 area, by using a mask. 50 nm of 
gold was then evaporated in thin lines (1 x 4 mm2) on every 0.12 cm2 area to form the front 
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contacts. Finally on a clean p-Si edge, 100 nm of gold was evaporated to form the back 
contact. A diagram describing the solar cell architecture is shown in Fig. 7.1c. 
 
Fig. 7.1. a) Diagram and b) photograph of a substrate Al/n-Si/MAPI/spiro-OMeTAD/Au 
solar cell device. c) Diagram of an Au/p-Si/MAPI/ZnO/AZO/Au heterojunction device.  
 
 
7.2.2. Samples fabrication for the ‘study of the interfaces’ 
A summary of all the interfaces studied in this chapter is presented in Table 7.2, 
showing the sections in which they were studied and the behaviour that they showed in the 
J-V analysis (section 7.3.2.b). This study was performed to decouple the layers in the device 
from the behaviour of the Si/MAPI junction. J-V tests were therefore performed on possible 
interfaces that may form in the devices, either directly or due to the presence of pin holes in 
the MAPI layer. For example, interfaces such as MAPI/spiro-OMeTAD and MAPI/Au were 
studied, since MAPI/spiro-OMeTAD is commonly used in the literature (and is reported to 
have a favourable band alignment18,19) but no measurements were found showing how these 
materials behave electrically together, whereas MAPI/Au was analysed for completeness of 
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this study. Tests on spiro-OMeTAD/Au were not conducted as their Ohmic behaviour was 
already shown in the literature.20,21  
In order to prepare these samples, the same deposition procedures explained in the 
previous sections were utilised. Each pair of materials taken into consideration for the study 
were deposited by spin-coating or evaporation and then contacted using Ohmic behaving 
metals (see Table 7.2). For example, in the case of n-Si/Au, gold was evaporated onto the 
silicon, and the n-type silicon was contacted using Al Ohmic contacts. In the case of n-
Si/spiro-OMeTAD, the hole transporting material was spin-coated onto the silicon and then 
the substrates were contacted with gold (for spiro-OMeTAD) and aluminium (for n-Si).  
After the samples were prepared, their electrical behaviour was characterised by J-V 
and EQE analysis. However, EQE measurements on samples that showed rectifying 
junctions with no or very little current production were not always possible.  
Section Junction Result 
7.3.1.a, i 
n-Si/Al Ohmic 
n-Si/Au Rectifying 
p-Si/Al Rectifying 
p-Si/Au Ohmic 
7.3.1.a, ii 
MAPI/Au Ohmic 
MAPI/Al Rectifying 
7.3.2.a n-Si/MAPI Rectifying 
7.3.2.b 
n-Si/spiro-OMeTAD Rectifying 
MAPI/spiro-OMeTAD Rectifying 
Literature
20,21
 Spiro-OMeTAD/Au Ohmic 
7.3.3 p-Si/MAPI Rectifying 
Table 7.2. Summary of the junction behaviours obtained by dark J-V analysis, showing the 
sections in which they are reported.  
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7.3. Results 
7.3.1. Silicon/MAPI heterostructures 
The first part of the results section shows how the device architecture of the 
silicon/MAPI heterojunction devices was developed. Firstly metals to form Ohmic contacts 
with both silicon and MAPI were investigated. Then the behaviour of the MAPI/silicon 
interface was observed and finally the device architecture was optimised to improve the 
device efficiency, for both n-type and p-type silicon. All these evolutionary steps are 
presented in the following sections.  
 
  a) Ohmic contacts for silicon/MAPI heterostructures 
 i) Contacts for silicon 
n- and p-type silicon wafers covered with thin metal lines of Au and Al were 
measured. The I-V responses are shown in Fig. 7.2 together with a diagram showing the 
sample architecture used for the study. The I-V curves show that Ohmic contacts were 
formed between n-Si and Al, and between p-Si and Au, whereas rectifying junctions were 
formed between Au and n-Si, and Al and p-Si. Therefore for device fabrication, Al was used 
as a contact for the n-type silicon wafers and Au was used with the p-type silicon wafers. 
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Fig. 7.2. Dark I-V analysis on Si/metal samples to study their junctions, showing a diagram 
of the sample architecture for each measurement. a) n-Si junctions with Al and Au, forming 
an Ohmic contact with Al. b) p-Si with Al and Au, showing Ohmic behaviour only with Au. 
 
 
 
 ii) Contacts for MAPI 
Numerous architectures were fabricated to find the geometry that could investigate 
the electrical behaviour of Al and Au on MAPI, overcoming the issues caused by a) the soft 
nature of MAPI (contacting probes scratched the films easily and penetrated the film 
reaching the substrate) and b) the high resistivity of MAPI (which required metal contacts 
to be very close for current flow). The final geometries are shown in Fig. 7.3. The related I-
V curves in Fig. 7.3, show that Au produced an Ohmic junction with MAPI, whereas 
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Al/MAPI rectified. Therefore, Au was used as contact for MAPI in the heterojunction device 
fabrication. 
 
 
Fig. 7.3. Dark I-V analysis on MAPI with Au and Al contacts. a) MAPI/Au shows Ohmic 
behaviour and b) MAPI/Al produces a rectifying junction (forward bias) and shows break 
down in reverse bias. 
 
  b) Characterisation of MAPI on silicon 
Another important study for the fabrication of the Si/MAPI heterojunctions was to 
confirm that MAPI could be formed properly by spin-coating onto Si wafers rather than the 
more usual glass or TiO2 layers. MAPI layers on silicon were therefore investigated by XRD 
analysis, as shown in Fig. 7.4a and b. The first graph (7.4a), mainly shows the silicon (100) 
peak at 69.2° 2θ,22 while the second magnified X-ray pattern in 7.4b shows the MAPI peaks. 
All the expected tetragonal MAPI perovskite peaks can be identified (see Fig. 5.4 for 
comparison) and no PbI2 precursor residues were found. These results confirm that the 
perovskite was grown identically on glass, TiO2 and Si wafer surfaces. 
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In addition, Fig. 7.4c shows an SEM image of MAPI perovskite deposited on a 
silicon wafer. Similarly to MAPI layers produced with the one-step solution process on glass 
(section 5.3.2a), the films contain numerous pin holes.  
 
 
Fig. 7.4. Characterisation of MAPI deposited on Si: a) XRD pattern showing the main peak 
for silicon (100) at 69.2° 2θ and b) magnification of the XRD pattern in Fig.7.4a, showing 
the 10° - 50° 2θ region where MAPI peaks are assigned with their Miller indices. c) SEM 
image showing MAPI deposited on silicon. There are numerous pin holes. 
 
 
 
  c) First attempts for Si/MAPI heterojunction devices 
Si/MAPI heterojunction devices were fabricated with the following device 
structures: Al/n-Si/MAPI/Au and Au/p-Si/MAPI/Au. However, in order to fabricate these 
devices, some optimisations were needed, as shown by the evolution of the device structure 
in Fig. 7.5a and b. Initially, the contacting of MAPI’s surface was performed by using thick 
Au contacts as shown in Fig. 7.5a. However, as MAPI showed high resistivity, it was not 
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possible to measure J-V curves of these devices due to a lack of current flow. Therefore, in 
order to overcome the surface resistivity issue, a very thin Au layer (5 - 20 nm thickness) 
was deposited onto the whole perovskite surface prior the 50 nm thick Au contacts which 
are necessary for contacting, as shown in Fig. 7.5b.  
First, the effect of depositing the ultra-thin Au layers (5 – 20 nm thick) onto the 
Si/MAPI was studied by analysing the transmittance and the resistivity of Au films deposited 
on quartz coated glass: the highest amount of light is required to reach to the absorber layers 
but thinner Au layers produce higher resistivity, which is counterproductive for solar cell 
devices. Fig. 7.5c shows the UV-Vis measurement and the sheet resistance values in the 
inset of the graph. The highest transmittance is reached with the 5 nm Au layer, this being 
~70%, but its resistivity was unmeasurably high using the four point probe. 10 and 15 nm 
thick Au layers show similar transmittance (~60%) in the visible range, but show different 
resistivity. In particular, in the case of the 10 nm the sheet resistance is of the order of 106 
Ω/□, whereas for the 15 nm Au film this is 22.7 Ω/□, which is more similar to that of TCO 
materials.23 While the sheet resistance further decreases for the 20 nm thick Au layer (5 Ω/□) 
its transmittance also decreases, reaching values of 30 – 50%. Therefore, the best balance 
between transparency and sheet resistance (on glass) was achieved by the 15 nm thick Au 
layers.   
A further analysis of the gold deposited on MAPI is shown in Fig. 7.5d. The SEM 
image shows an Au film deposited onto MAPI (in this case 10 nm), which reveals that Au 
forms agglomerations of > 100 nm Ø, rather than a continuous layer. This agglomeration 
effect may be due to the perovskite’s rough surface. Nevertheless, by using Au on the device 
surface, the samples became measurable by J-V analysis.  
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Fig. 7.5. Si/MAPI device architecture evolution from a) 50 nm Au contacts to b) 10 nm Au 
deposited over the whole surface and then 50 nm contacts in smaller areas (1 x 4 mm2). c) 
Transmittance and resistivity of Au layers (5, 10, 15 and 20 nm thickness) deposited on 
glass. d) SEM image showing the coverage of 10 nm thick Au on MAPI, mainly represented 
by gold agglomerations of particles with up to 200 nm diameter. 
 
 
 
Results obtained by J-V measurements (dark/light) performed onto the device with 
structure shown in Fig. 7.5b, are shown in Fig. 7.6a and b for n-Si/MAPI and p-Si/MAPI 
devices respectively. The curves show rectification between n-silicon and MAPI. In 
addition, the Al/n-Si/MAPI/Au device showed the production of a small current under 
AM1.5, revealing a photoactive junction and producing an average PCE of 0.13% (VOC = 
0.30 V, JSC = 1.12 mA/cm
2, FF = 37.7%), measured on 16 contacts. 
On the contrary, in the case of MAPI on p-Si, nearly Ohmic behaviour was recorded 
by J-V analysis. This phenomenon produced suspicion, as the same behaviour was registered 
on p-Si/Au samples (Fig. 7.2b). Since MAPI showed numerous pin holes (Fig. 7.4c), it may 
be speculated that shunting occurs: the Au layer deposited on top of MAPI infiltrates the 
perovskite pin holes to reach the Si wafer, as shown by the cross section diagram in Fig. 
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7.6c. If this speculation is true, shunting would influence the n-Si/MAPI device too, 
revealing that the PCE registered for these devices was not reliable. This issue is resolved 
in the following sections, for both n- and p-Si devices. 
 
 
 
Fig. 7.6. J-V measurements on a) a rectifying n-Si/MAPI junction and b) an Ohmic p-
Si/MAPI junction. c) Schematic representation of a silicon/MAPI/Au cross section showing 
MAPI pin holes infiltrating by the gold contact, reaching the silicon surface. 
 
 
 
7.3.2. n-Si/MAPI heterojunctions  
   
  a) n-Si/MAPI/spiro-OMeTAD devices 
 
In order to avoid the possible shunting issue, another layer was used to separate 
MAPI and Au. Since spiro-OMeTAD was adopted within devices in chapters 5 and 6 and 
was therefore well known, this hole transporting material was used in Al/n-Si/MAPI/Au 
devices to form Al/n-Si/MAPI/spiro-OMeTAD/Au devices. Considering that MAPI has 
shown intrinsic properties (see section 5.3.2.a), by using spiro-OMeTAD an n-i-p junction 
may be formed. The structures are shown in Figs. 7.7a and b, and a cross section SEM image 
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of the device verifying the fabrication of the Al/n-Si/MAPI/spiro-OMeTAD/Au devices is 
shown in Fig. 7.7c. 
Furthermore, the effect of using spiro-OMeTAD and Au as top layers of the substrate 
device was studied by analysing the transmittance of these films deposited on glass. Since 
the quality of Au films is substrate dependent, the optical transmission of Au/spiro-
OMeTAD bilayers on glass was measured relative to Au and spiro-OMeTAD control layers, 
as shown in Fig. 7.7d. It was observed that by adding the spiro-OMeTAD layer the 
transmittance of the top Au layer (in this case 10 nm thick) increased by ~5% in the whole 
spectrum compared to the Au layer alone, and thus also a sheet resistance change was 
expected. Discussion of this is deferred until section 7.4, but nevertheless this shows that the 
presence of spiro-OMeTAD is beneficial for the transparency of the ultra thin gold top layer.  
 
 
Fig. 7.7. Device architecture evolution from a) Al/n-Si/MAPI/Au, to b) Al/n-Si/MAPI/spiro-
OMeTAD/Au. c) SEM cross section image of an Al/n-Si/MAPI/spiro-OMeTAD/Au solar 
cell device. The image was taken in the area covered by both Au layers (~60 nm). d) UV-
Vis transmittance spectra showing the beneficial effect of the transparency of 10 nm thick 
Au deposited onto a spiro-OMeTAD layer. These experiments were performed on layers 
deposited on quartz coated glass. 
  
210 
 
The device structure using the hole transporting material showed improved J-V 
performance compared to the Al/n-Si/MAPI/Au device, as it may be seen by the J-V 
performances of these devices, presented in Table 7.3 and Fig. 7.8a.  
Table 7.3, compares the performances of the devices with and without the hole 
transporting material, showing best and average results which were calculated from 20 – 25 
contacts for each device type. Preliminary studies were performed on both Al/n-
Si/MAPI/Au and Al/n-Si/MAPI/spiro-OMeTAD/Au devices covered with only 10 nm of 
gold on the top surface. The results show that the devices containing spiro-OMeTAD 
considerably exceed the performances of the devices without the hole transporting material, 
showing an average PCE of 1.14% against 0.13% respectively. In particular the main 
improvement was detected in the VOC and JSC: devices with the spiro-OMeTAD show 0.49 
V and 5.56 mA/cm2 VOC and JSC respectively, compared to 0.3 V and 1.12 mA/cm
2 in the 
case of cells without spiro-OMeTAD. The best J-V curves of these devices are compared in 
Fig. 7.8a, where the increased VOC, JSC and thus PCE of the devices using the hole 
transporting material are easily recognisable, with the best Al/n-Si/MAPI/spiro-
OMeTAD/Au device producing a PCE of 1.35% (VOC = 0.5 V, JSC = 6.42 mA/cm
2 and FF 
= 42.0 %). 
As the Al/n-Si/MAPI/spiro-OMeTAD/Au devices showed higher performances 
compared to those without the hole transporting material, these devices were used for further 
characterisation. Fig. 7.8b shows that the J-V curves do not show significant difference 
between forward and reverse scans, revealing that hysteretical behaviour is almost absent. 
Forward and reverse scans show the same VOC (0.5 V) and only a minor difference in the 
current (ΔJSC = 0.2 mA/cm2). Furthermore, Fig. 7.8c shows the stabilised efficiency of the 
Al/n-Si/MAPI/spiro-OMeTAD/Au devices, which presents a different behaviour compared 
to the devices presented in chapters 5 and 6. On standard p-i-n junctions, it is common to 
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register an initial drop of efficiency, which slowly stabilises. In this case however, there is 
a minor increase of the PCE in the first five seconds (from 0.95% to 1%) and then a stable 
PCE throughout the time of measurement (at 1%). These results imply that these 
heterojunctions are stable. They also show high consistency, as shown by the small standard 
deviations of the average results presented in Table 7.3. 
A typical EQE spectra of an Al/n-Si/MAPI/spiro-OMeTAD/Au device is shown in 
Fig. 7.8d. The spectrum shows that at low energy values (high wavelengths) Si dominates, 
due to its lower band-gap (Eg = 1.1 eV) compared to MAPI’s. Then, at around 750 nm, 
which corresponds to MAPI’s band-gap energy (1.6 eV), the EQE drops. This abrupt loss in 
current production reveals that although photons are absorbed in the perovskite the majority 
of the generated excitons are not extracted as current. Instead it appears that only light 
transmitted by the MAPI and absorbed in the Si contributes to the EQE.   
 
 
PCE 
(%) 
V
OC
 
(V) 
J
SC
 
(mA/cm
2
) 
FF 
(%) 
W/o spiro-OMeTAD 
AVG 0.13 (± 0.05) 0.30 (± 0.03) 1.12 (± 0.38) 37.7 (± 7.2) 
Best 0.15 0.28 1.05 50 
With spiro-OMeTAD 
AVG 1.14 (± 0.12) 0.49 (± 0.01) 5.56 (± 0.48) 41.8 (± 0.7) 
Best 1.35 0.50 6.42 42.0 
Table 7.3. J-V parameters of Al/n-Si/MAPI/Au and Al/n-Si/MAPI/spiro-OMeTAD/Au 
devices using 10 nm thick Au in the top layer. Standard deviations are shown in brackets (N 
≈ 20-25 for each type of devices). 
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Fig. 7.8. n-Si/MAPI heterojunction device characterisation. J-V analysis showing a) the 
comparison between J-V curves of devices with and without spiro-OMeTAD, b) minor 
hysteretical behaviour of the Al/n-Si/MAPI/spiro-OMeTAD/Au devices, and c) stabilised 
efficiency at 1% PCE for an Al/n-Si/MAPI/spiro-OMeTAD/Au device. d) EQE analysis of 
an Al/n-Si/MAPI/spiro-OMeTAD/Au device, showing two main absorption edges, 
corresponding to n-Si (at 1100 nm, 1.1 eV) and MAPI (at 780 nm, 1.6 eV). 
 
 
 
The effect of using top Au layers with different thicknesses (0 - 20 nm) was studied 
by measuring the J-V performances of the Al/n-Si/MAPI/spiro-OMeTAD/Au devices. The 
J-V parameters are reported in Table 7.4 and show the averages for 10 of each device type. 
The first important result is that the presence of the ultra-thin gold is necessary to produce 
working devices, as devices without the gold layer produce the lowest PCE (0.10%). Minor 
improvement was observed by using 5 nm of gold (0.13%), whereas the highest performance 
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was achieved by thicker Au layers (> 10 nm, > 0.92% PCE). However it was observed that 
the improvement of the efficiency is not linear with the Au thickness: the highest 
performances were shown by devices covered by 10 nm Au (1.14% PCE), whereas very 
similar results were achieved by devices with 15 and 20 nm Au (0.92% and 0.92% PCE 
respectively). Considering the devices containing the Au layer with thickness ≥ 10 nm, the 
parameter that mainly influenced the device efficiency was the FF (41.8% for 10 nm Au and 
FF ≤ 36.6% for 15 and 20 nm), whereas VOC and JSC remain very similar (0.48-0.49 V and 
5.2-5.6 mA/cm2 respectively). It was therefore concluded that to optimise the Al/n-
Si/MAPI/spiro-OMeTAD/Au device performance, a 10 nm ultra thin Au layer was required.  
Au thickness 
(nm) 
PCE 
(%) 
V
OC
 
(V) 
J
SC
 
(mA/cm
2
) 
FF 
(%) 
0 0.10 (± 0.07) 0.36 (± 0.02) 1.02 (± 0.46) 24.7 (± 6.3) 
5 0.13 (± 0.05) 0.43 (± 0.02) 0.88 (± 0.26) 32.6 (± 4.1) 
10 1.14 (± 0.12) 0.49 (± 0.01) 5.56 (± 0.48) 41.8 (± 0.7) 
15 0.92 (± 0.12) 0.48 (± 0.01) 5.35 (± 0.51) 35.6 (± 1.5) 
20 0.92 (± 0.16) 0.48 (± 0.01) 5.24 (± 0.79) 36.6 (± 2.5) 
Table 7.4. J-V parameters of Al/n-Si/MAPI/spiro-OMeTAD/Au devices using different 
thicknesses of the front gold layer. Standard deviations are in brackets (N ≈ 10 for each 
thickness).  
 
 
  b) Study of the interfaces 
In order to fully understand the device performances, every interface of the Al/n-
Si/MAPI/Au and Al/n-Si/MAPI/spiro-OMeTAD/Au devices was studied by light I-V and 
EQE analysis, as described in Table 7.5 and shown in Fig. 7.9. Since it was observed in 
section 7.3.1c that shunting may be an issue in these heterojunction devices, a study focussed 
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on the possible interfaces that may form as a consequence of MAPI pin holes was required. 
For example the interfaces forming between n-Si and Au or n-Si and spiro-OMeTAD may 
have an influence on the n-Si/MAPI heterojunction, representing an obstacle for the main 
subject of study of this chapter.  
Some of the data shown in Table 7.5 summarise the results obtained previously (n-
Si/Al and n-Si/MAPI junctions in section 7.3.1a and 7.3.1c respectively), these showing 
Ohmic contact and a rectification respectively. It is worth remembering that the n-Si/MAPI 
rectifying junction produced a small photo-activity under light, but showed extremely low 
efficiencies (0.1% PCE), due to low VOC (0.3 V) and JSC (1.1 mA/cm
2), as confirmed in the 
I-V curve in Fig. 7.9a (black curve).  
Analyses performed on n-Si/Au and n-Si/spiro-OMeTAD are presented in Table 7.5 
and show very important results. In particular, the n-Si/Au interface was measured and 
showed rectification, as also shown in the dark I-V analysis shown in Fig. 7.2a. However, 
under AM 1.5 illumination this junction showed photo-activity, producing a PCE of 1.2%. 
The ‘high efficiency’ of this junction (compared to the results of the other junctions reported 
in this work) is mainly associated with the high current density of 13.6 mA/cm2, whereas 
the VOC is low (0.27 V), as confirmed by the I-V curve in Fig. 7.9a (red curve). In parallel, 
Fig 7.9b shows the EQE measurement of the n-Si/Au junction, showing a photon absorption 
in the whole spectrum considered, starting from the band gap of silicon at low energy (1.1 
eV, ~1100 nm) reaching a maximum of ~30% EQE at ~500 nm, and declining at short 
wavelengths due to the low blue sensitivity of Si. 
In the case of the n-Si/spiro-OMeTAD sample, I-V measurements show that a 
junction is formed but that it is only very weakly photoactive (Fig. 7.9a, blue curve). 
Furthermore, the EQE shows that for the n-Si/spiro-OMeTAD a small peak is produced 
 215 
 
solely in proximity of the hole transporting material’s band gap (~3 eV, ~400 nm), 
confirming the rectifying behaviour seen in the I-V curve.  
The MAPI/spiro-OMeTAD interface showed a junction but no photo-activity (pink 
curve, Fig. 7.9a), whereas MAPI/Au interface showed Ohmic behaviour (as seen previously, 
Fig. 7.3a).  
Lastly, it should be mentioned that the spiro-OMeTAD/Au interface is well-known 
to be Ohmic from the literature and is largely used in classic perovskite p-i-n devices.21  
 
Interface J-V EQE Notes 
n-Si/Al Ohmic N.A.  
n-Si/MAPI 
Rectification: in light 
AVG PCE 0.1%, VOC 
0.30 V, JSC 1.1 mA/cm2 
Too low to be measured Pin holes in MAPI 
n-Si/Au 
Rectification: in light 
AVG PCE 1.2%, VOC 
0.27 V, JSC 13.6 mA/cm2 
Si collects photons in the 
whole spectrum 
 
n-Si/spiro-OMeTAD 
Rectification but no 
photo-activity 
Photon collected just 
from the top spiro-
OMeTAD layer 
 
MAPI/spiro-
OMeTAD 
Rectification but no 
photo-activity 
N.A.  
MAPI/Au Ohmic N.A.  
spiro-OMeTAD/Au Ohmic N.A.  
Table 7.5. J-V and EQE results (where possible) for test structure representing the interfaces 
present in the Al/n-Si/MAPI/spiro-OMeTAD/Au devices, including those that may form due 
to shunting.  
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Fig. 7.9. Characterisation of the interfaces. a) AM1.5 I-V curves of the rectifying junctions 
showing a strong photodiode response in the n-Si/Au junction, the weaker photodiode 
between n-Si/MAPI, a non-photoactive n-Si/spiro-OMeTAD and MAPI/spiro-OMeTAD 
junctions. b) EQE (where applicable) of these interfaces, showing the photon collection in 
the whole spectrum for n-Si/Au junction and the absorption in only spiro-OMeTAD in the 
n-Si/ spiro-OMeTAD junction.  
 
The interface study introduced a new perspective to the understanding of the n-
Si/MAPI junction results shown in Fig. 7.8a. Comparing the results of the device 
performances of the Al/n-Si/MAPI/Au and Al/n-Si/MAPI/spiro-OMeTAD/Au devices 
shown in Table 7.3, similarities may be detected. For example, considering the Al/n-
Si/MAPI/Au and the n-Si/Au interface shown in the interface study, it was seen that their 
VOC values are similar (0.3 V and 0.27 V respectively), whereas when the spiro-OMeTAD 
is introduced the VOC increases (0.49 V). As was seen in Table 7.5, Au rectifies with n-Si 
and produced a PCE under light, whereas spiro-OMeTAD rectifies but does not produce 
current. Therefore it may be implied that the Au shunting in the Al/n-Si/MAPI/Au devices 
influenced the performance greatly, whereas the Al/n-Si/MAPI/spiro-OMeTAD/Au device 
architecture is not shunted. In this way, it was possible to isolate the behaviour of the 
silicon/MAPI junction, which was shown to be photoactive. 
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  c) Devices on differently n-doped silicon wafers 
Al/n-Si/MAPI/spiro-OMeTAD/Au devices were initially fabricated onto Si 
substrates with a resistivity of 1-10 Ω·cm. This section shows the effect of using different 
resistivity ranges (1-5 Ω·cm, 5-10 Ω·cm, 10-15 Ω·cm) to observe the effect on the n-
Si/MAPI junction and the device performance. The devices were measured by J-V and EQE 
analysis, as shown in Figs. 7.10 - 7.11 and Table 7.6.  
Fig. 7.10 shows the highest performing J-V curves and EQE spectra recorded for the 
Al/n-Si/MAPI/spiro-OMeTAD/Au devices, and shows that devices manifest similar 
behaviours despite the different doping concentration of the Si. The best J-V curves, shown 
in Fig. 7.10a, achieved 2.08%, 2.07% and 1.34% PCE using 1-5 Ω·cm, 5-10 Ω·cm and 10-
15 Ω·cm Si wafers respectively (Table 7.6). The device using the 1-5 Ω·cm Si wafer 
demonstrated the champion efficiency produced in this work with a PCE = 2.08% (VOC = 
0.46 V, JSC = 11.77 mA/cm
2, FF = 38.4%). The increased photovoltaic performance of 
devices made from the more conductive n-Si (i.e. lower resistivity, see Table 7.1) is due to 
the increase in JSC, as shown in both the J-V and EQE curves. However, the EQE curves 
(Fig. 7.10b) show that although both sides of the junction collect charge, the increase is 
mainly confined to the long wavelength region and is due to collection in the Si. Collection 
at the wavelength corresponding to the band gap of MAPI (<780 nm) remains low.  
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Fig. 7.10. Characterisation of Al/n-Si/MAPI/spiro-OMeTAD/Au devices containing silicon 
wafers with different resistivities. a) Best J-V curves showing photo-active rectifying 
junctions producing higher performances when Si wafers with lower resistivities are 
employed. b) EQE spectra showing higher EQE % with higher doping levels of the silicon 
wafers.  
 
In order to improve the understanding of these devices, the J-V parameters were 
analysed further. The highest value, average values and standard deviations of the PV 
parameters (Table 7.6) are presented in Fig. 7.11. A trend between the Si doping level and 
the device performance can be noted: higher doping concentrations of Si yield higher device 
performances. Both the VOC and JSC were consistent between each set of devices (0.42 V, 
0.43 V and 0.41 V, and 7.26 mA/cm2, 6.20 mA/cm2 and 6.45 mA/cm2 for the increasing 
resistivity values, Fig. 7.11b). However, the standard deviation of JSC was large (Fig. 7.11c), 
revealing the variability of these devices. Finally, Fig. 7.11d shows that similar FFs were 
achieved by the 5-10 Ω·cm and 10-15 Ω·cm devices (37.8% and 39.7% respectively), 
whereas the 1-5 Ω·cm devices show a step up, reaching 46.2% FF, this being the most 
influential parameter affecting the average device efficiency (note that this differs from the 
finding that JSC was influential for the highest performing devices as shown in Fig. 7.10). 
However, it was noted that despite the high average FF of the 1-5 Ω·cm devices, the FF 
measured for the best device only achieved 38.4%, revealing that it may yet be possible to 
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obtain even higher efficiencies for these Al/n-Si/MAPI/spiro-OMeTAD/Au heterojunction 
devices. 
 
Silicon 
resistivity 
 PCE 
(%) 
V
OC
 
(V) 
J
SC
 
(mA/cm
2
) 
FF 
(%) 
1-5 Ω·cm 
Average 1.26 (± 0.64) 0.42 (± 0.05) 7.26 (± 5.28) 46.2 (± 9.8) 
Best 2.08 0.46 11.77 38.4 
5-10 Ω·cm 
Average 1.08 (± 0.56) 0.43 (± 0.06) 6.20 (± 2.77) 37.8 (± 9.5) 
Best 2.07 0.48 13.92 30.9 
10-15 Ω·cm 
Average 1.02 (± 0.22) 0.41 (± 0.04) 6.45 (± 1.86) 39.7 (± 7.1) 
Best 1.34 0.46 6.22 46.7 
Table 7.6. J-V parameters of Al/n-Si/MAPI/spiro-OMeTAD/Au devices using Si wafers 
with different resistivities. Standard deviations are in brackets (N ≈ 15 for each set of 
devices). 
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Fig. 7.11. J-V parameters of Al/n-Si/MAPI/spiro-OMeTAD/Au devices fabricated using 
different Si resistivities (1-5 Ω·cm, 5-10 Ω·cm, 10-15 Ω·cm), showing the best, average and 
standard deviations. 
 
In order to understand how higher doping concentrations yield increased device 
performance, a band alignment of the Al/n-Si/MAPI/spiro-OMeTAD/Au device structure 
was constructed and is shown in Fig. 7.12. The band gap energies for each material were 
taken from the literature24,25 (Fig. 7.12a), and the positions of the Fermi level for the n-Si 
and spiro-OMeTAD were approximated by their doping properties (n and p-type 
respectively). For this reason, Fig. 7.12b and c, show the diagrams for the devices using both 
low doped and highly doped Si. It can be seen that once the Fermi level is aligned at 
equilibrium, a spike is formed between the valence bands of MAPI and n-Si, the size of 
 221 
 
which is dependent on the Si doping level: the higher the doping the smaller the spike. For 
instance, Fig. 7.12b shows the formation of a spike of 0.56 eV using low doped Si, whereas 
Fig. 7.12c forms a spike of 0.50 eV by using highly doped silicon. This spike is 
disadvantageous as it blocks the drift of holes, and thus high doping levels of the n-silicon 
are preferable for the n-Si/MAPI heterojunctions. The band offset therefore explains why 
devices containing the highly doped Si wafer produced higher performances (Table 7.6). 
The band alignments shown (Fig. 7.12 b and c) were drawn as if the junction was one-sided 
and positioned in the MAPI. However, since this statement was not established until this 
point, Fig. 7.12d presents the band diagram in the case of a one-sided junction positioned in 
the n-Si. While the band bendings change direction, the spike between the valence bands of 
Si and MAPI does not change its size. In contrast, if the junction would be two-sided (with 
the junction close to the n-Si/MAPI interface) the band diagram would be an intermediate 
situation between Fig. 7.12c and d. 
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Fig. 7.12. Band diagram of Al/n-Si/MAPI/spiro-OMeTAD/Au devices. a) Band energies of the materials used in the devices - values were taken 
from the literature.24,26 b), c), d) Band offsets at equilibrium, with the one-sided junction positioned in MAPI (b, c) and in Si (d). b) c) Band 
diagram of n-Si/MAPI using n-Si with different doping levels showing a downwards spike between conduction bands of Si and MAPI: b) low 
doped n-Si forming a spike of 0.56 eV in the valence band with MAPI, and c) higher doping of the n-Si compared to (b), forming a smaller 
spike with MAPI (0.50 eV). d) Band diagram at equilibrium showing the field in n-Si. Now the spike between valence bands of Si and MAPI 
is upwards, but its size does not change (in the case of highly doped Si this is 0.50 eV).
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C-V measurements were performed in order to identify the type of junction between 
Si and MAPI (single or two-sided) and measure the built in voltage (Vbi) and the carrier 
concentration from a 1/C2 plot (see section 2.2.5). The study was performed on the Al/n-
Si/MAPI/spiro-OMeTAD/Au devices fabricated with different Si wafer resistivities. Fig. 
7.13 presents the C-V and 1/C2 plots obtained by these devices and applying a frequency of 
105 Hz. A main peak in the C-V plot (Fig. 7.13a) was recorded at V > 0.5 for all devices. 
However, it can be noted that there is an unusual peak forming at ~0.25 V for each curve 
which becomes more evident in the Mott-Shottky plot (Fig. 7.13b, ~0.3V). The intensity of 
this peak decreases with the increasing doping level of the Si, suggesting that it is related to 
an interface effect, perhaps between n-Si/MAPI valence bands (Fig. 7.12b-d).  
The fitting of the x-axis of the Mott-Shottky lines (linear part around 0 V), with 
intercept (Vbi – kT/q), provides the built in voltages (Vbi),27 whereas the slope of the fitting 
line determines the carrier concentration of the junction. In the case of built in voltages, 
similar results between devices that use different Si doping concentrations were measured, 
showing a built in voltage of 0.70 V, 0.68 V and 0.65 V for the 1-5 Ω·cm, 5-10 Ω·cm and 
10-15 Ω·cm device respectively.   
While the built in voltages are directly extracted from the Mott-Shottky plot, the 
determination of the carrier concentration is dependent on the dielectric constant of the 
materials involved in the junction (section 2.2.5: only one dielectric constant for one-sided 
junctions and two dielectric constants for two-sided junctions). The carrier concentration 
results were used to help classify the junction type. A one-sided junction for example, is 
recognised when the doping concentration of one material is at least two orders of magnitude 
higher than the other, whereas when the doping concentration of the two materials is similar, 
a two-sided junction is formed.27 Since the carrier concentration is known for Si but it is 
unknown for MAPI, the calculations for both situations were performed and are presented 
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next, whereas a discussion about which of these possibilities is more appropriate is deferred 
until section 7.4.  
 
Fig. 7.13. C-V characterisation of Al/n-Si/MAPI/spiro-OMeTAD/Au devices containing Si 
wafers with different resistivities measured in the dark, applying a frequency of 105 Hz. a) 
C-V plot showing two main peaks: a smaller at V ~0.25 V and a more intense capacitance 
peak at V > 0.5 V. b) Mott-Shottky plot derived from a C-V measurement, which curve 
fittings provide similar Vbi for all devices. Peaks at ~0.3 V are caused by spikes in the band 
offsets.  
 
i) One-sided junction 
Assuming that there is a one-sided junction in Si, the carrier concentration was 
calculated using Equation 2.20 (section 2.2.5.a) for one-sided junctions and using Si’s 
dielectric constant of 11.7,28 and the results are shown in Table 7.7. The table includes the 
Si carrier concentrations for comparison with the values obtained by the Mott-Shottky plot: 
for each Si resistivity the measured and the wafer carrier concentration values are very 
similar, these being ~1015 cm-3 for the highly doped Si and ~1014 cm-3 for the lower doped 
wafers. 
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Si resistivity Vbi 
(V) 
Measured carrier 
concentration (cm-3) 
n-Si 
carrier concentration 
(cm-3) 
1-5 Ω·cm 0.70 ± 0.01 1.39·1015 2.86·1015 
5-10 Ω·cm 0.68 ± 0.01 7.90·10
14 6.68·1014 
10-15 Ω·cm 0.65 ± 0.01 3.28·10
14 3.67·1014 
Table 7.7. Results from C-V analysis performed on Al/n-Si/MAPI/spiro-OMeTAD/Au 
devices using Si wafers with different resistivities and applying a frequency of 105 Hz. The 
assumption is to form a one-sided junction.  
 
 
ii) Two-sided junction 
Since the EQE (Fig. 7.10b) shows photon collection in both Si and MAPI regions 
(although in MAPI this is smaller), the junction may form near the interface of the two 
materials, forming a two-sided junction. If so, then the capacitance of the junction would be 
influenced by the dielectric constants of both silicon and MAPI (11.7 and 24.1 
respectively).28,29 For simplicity here, it was considered that the depletion region is 
positioned half in the Si and half in the MAPI. The carrier concentrations of the devices 
containing Si with the different resistivities were extracted from the Mott-Shottky plot (Fig. 
7.13b) and the results are presented in Table 7.8. The calculated carrier concentration and 
the carrier density of the silicon are compared and showed extremely similar values (~1015 
cm-3 for the highly doped Si and ~1014 cm-3 for the lower doped wafers). Furthermore, by 
knowing the carrier concentration of one material participating to the junction (n-Si), it was 
possible to determine the carrier concentration of the second material, i.e. MAPI, which has 
shown to be difficult to measure otherwise.29 Starting from the equation for the 
determination of the width of a two-sided junction, it was possible to extract the acceptor 
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density value of MAPI (NA) (see section 2.2.5.b, Eq. 2.44). The results are shown in Table 
7.8 (last column). MAPI’s carrier concentration measured in the heterostructure devices 
showed a carrier concentration of 1014 - 1015 cm-3 which is very similar to the Si carrier 
concentration values: the differences in carrier concentration are less than two orders of 
magnitude which is consistent with the formation of a two-sided junction.27 Discussion is 
deferred until section 7.4.  
 
Si resistivity Vbi 
(V) 
Measured carrier 
concentration (cm-3) 
n-Si 
carrier 
concentration 
(cm-3) 
MAPI 
carrier 
concentration (cm-3) 
1-5 Ω·cm 0.70 ± 0.01 1.03·1015 2.86·1015 1.62·1015 
5-10 Ω·cm 0.68 ± 0.01 5.87·10
14 6.68·1014 7.58·1015 
10-15 Ω·cm 0.65 ± 0.01 2.44·10
14 3.67·1014 8.30·1014 
Table 7.8. Results from C-V analysis performed on Al/n-Si/MAPI/spiro-OMeTAD/Au 
devices using Si wafers with different resistivities and applying a frequency of 105 Hz. A 
two-sided junction is assumed. The carrier concentration extracted from the 1/C2 plot is 
compared to the Si doping concentration and to the carrier concentration of MAPI derived 
from Equation 2.44. 
 
 
   
7.3.3. p-Si/MAPI devices 
 
Section 7.3.1c showed that the p-Si/MAPI junction was giving an Ohmic response 
in the J-V measurements. However, since pin holes caused shunting, it is clear that the 
measurements on p-Si/MAPI were probably affected by the Ohmic-behaving p-Si/Au 
interface (section 7.3.1a.i). 
In order to overcome this problem, an additional layer was introduced in the device, 
between the MAPI and the gold layer, similarly to the n-Si/MAPI devices where spiro-
OMeTAD was used as intermediate. In this case however, in order to form a favourable 
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band alignment an n-type intermediate material was chosen, this being ZnO covered by a 
conductive AZO layer. In this way a p-i-n junction was formed.    
Au/p-Si/MAPI/ZnO/AZO devices were measured by J-V analysis, as shown in Fig. 
7.14a. Dark and light measurements show rectification, proving that the Ohmic behaviour 
seen in section 7.3.1c was caused by shunting. However, the difference between dark and 
light curves is minor, as the average PCE measured under AM1.5 showed an efficiency of 
0.02% (VOC = 0.35 V, JSC = 0.40 mA/cm
2, FF = 19.9%). Nevertheless, this result shows that 
a junction may be formed between p-Si and MAPI. However, as the current produced by 
these devices was very low, it was not possible to perform EQE measurements. 
The possible explanation for the very low device performance may be inferred from 
the band offset shown in Fig. 7.14b. Assuming that the ZnO doping level considered is 
correct, the device architecture shows the formation of a spike between MAPI and ZnO 
conduction bands, whereas no electron/hole blockages were detected between MAPI and p-
Si. The spike blocks the electrons generated in MAPI and flowing toward the contact.  
However, it was observed that using higher doping of the ZnO would improve the 
device performance, reducing the size of the spike. Further discussion is presented in section 
7.4. 
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Fig. 7.14. Au/p-Si/MAPI/ZnO/AZO devices. a) J-V analysis in dark and light, showing 
rectification but only very weak photo-activity. b) Band diagram of the device showing a 
barrier for electrons generated by MAPI flowing towards the contact. The band energies of 
each material were taken from the literature (ZnO Eg = 3.2 eV, χ = 4.3 eV).24,26,30  
 
 
 
7.4. Discussion 
In this work, heterojunctions between silicon and MAPI were studied, with the goal 
of fabricating new devices that were not explored in the literature previously. Through 
evolutionary steps, the device architecture was developed with the intent of proving the 
formation of a junction. As the MAPI used in this work showed intrinsic doping properties 
(see chapter 5), the type of junction formed would not have been a p-n junction, but rather 
an ‘n-i’ and ‘p-i’ junction with n-type and p-type Si respectively. Nevertheless, by 
performing J-V and EQE analysis it was proven that a photoactive junction between MAPI 
and Si was formed: photon absorption was observed and efficiencies were recorded under 
illumination.  
The formation of MAPI on Si wafers was verified: the XRD peaks matched with 
those of MAPI deposited on glass or TiO2, but unfortunately the presence of numerous pin 
holes was detected (Fig. 7.4c). The main issue related to the pin holes was shunting: Au was 
an Ohmic contact to MAPI, but it infiltrated in the pin holes and reached the Si. While in 
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the case of n-Si this caused a variation of the n-Si/MAPI J-V performance (n-Si/Au alone 
gives a PCE of 1.2% under AM1.5), in the case of p-Si/MAPI heterojunction the shunting 
produced an Ohmic junction, which was initially thought to be formed by the p-Si/MAPI 
junction. A study performed on the interfaces introduced to the possibility that unwanted 
junctions forming in the device may produce misleading interpretation of the junction under 
study (silicon/MAPI). Examples of misleading results caused by shunting issues, but with 
different materials, were already presented in the literature and it was suggested that the 
formation of ‘weak diode regions’31 may influence the device performance greatly. Even 
small numbers of shunts can radically alter the device performance.  
Therefore, the employment of an intermediate layer between MAPI and the Au front 
contact was necessary, however it had to be confirmed that this layer would not interact with 
the Si. A study was conducted in regard of spiro-OMeTAD and n-Si with this aim. It was 
seen that by introducing the hole transporting material in the Al/n-Si/MAPI/Au device, the 
efficiency of the device was increased considerably (0.13% PCE without and 1.14% PCE 
with spiro-OMeTAD). The reason for this improvement is the filling of pin holes in MAPI 
with spiro-OMeTAD which is favourable as it forms a junction with n-Si which although is 
not itself photoactive, does not degrade the n-Si/MAPI interaction measured under light. 
This ‘pin hole blocker’ feature is not new for conductive materials in PV devices: other 
examples in the literature used this effect to overcome shunting issues, for example P3HT 
with CdTe.32 The use of Au contacts on top of spiro-OMeTAD was shown to be necessary 
to measure the heterojunction devices (PCE without the Au front contact = 0.10%). When 
the Au layer thickness was increased from 0 to 5 nm the difference was not significant 
(0.13%), whereas when thicker layers were deposited (≥ 10 nm) the devices showed PCE ≥ 
0.92%. Nevertheless, the highest device performances were reached using 10 nm of Au 
(PCE = 1.14%). This difference may be speculated to be due to the different distribution of 
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Au particles on the surface. Furthermore, it was observed that the 10 nm Au film deposited 
on spiro-OMeTAD, showed increased transmittance compared to that of 10 nm of Au on 
quartz-coated glass, hence the use of the hole transporting material had an additional 
beneficial effect. This increased transmittance might be attributed to a different percolation 
thickness, or a decrease in the surface roughness (i.e. scattering) and reduced reflection loss 
due to closer refractive index matching in this thin film bilayer system (an example in 
literature is shown by the ZnO-Ag-ZnO layers which in this configuration become less 
reflective compared to an Ag layer33). A further interesting feature due to the presence of 
spiro-OMeTAD was seen in the band diagram (Fig. 7.12). By analysing the band offset it 
can be noted that if the hole transporting material is not present in the device, then the 
electrons generated in MAPI may equally well drift towards the n-Si or the Au, as the 
difference in energy between the conduction band of MAPI with n-Si and with Au are very 
similar. Hence, holes generated in MAPI and directed towards the Au would lead to 
recombination. 
Nevertheless, by using spiro-OMeTAD it was possible to study the behaviour of the 
n-Si/MAPI junction and devices made from it. A champion device efficiency of 2.08% (VOC 
= 0.46 V, JSC = 11.77 mA/cm
2, FF = 38.4%) was obtained using a highly doped n-Si wafer 
(1-5 Ω·cm) and built in voltage values of 0.70 V, 0.68 V and 0.65 V were obtained for the 
devices using 1-5 Ω·cm, 5-10 Ω·cm, 10-15 Ω·cm Si respectively. However, since Vbi values 
are typically higher than the VOC, it may be suggested that there may still be scope to increase 
the device’s open circuit voltage. In addition, a promising feature of the Al/n-Si/MAPI/spiro-
OMeTAD/Au devices was that they showed very low hysteresis. This suggests that 
hysteresis in classic p-i-n perovskite devices could be mainly related to the capacitive effect 
at the perovskite/electron transporting material interface, rather than being an intrinsic 
property of the perovskite material itself.34 
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The EQE characterisation of these devices (Fig. 7.10b), showed the collection of 
photons in both Si and MAPI absorption wavelength regions. However, this showed low 
intensity in the MAPI region. In order to determine the type of junction formed, EBIC 
measurements were attempted but it was not possible to collect results due to the high 
sensitivity of MAPI to electron beam irradiation. Therefore, two main cases were analysed 
by C-V measurements to understand which behaviour seemed to give more appropriate 
results: a) the formation of a one-sided junction (in the Si) and b) the presence of a two-
sided junction.  
a) The one-sided junction option was proposed since the EQE analysis suggested that 
reduced photon collection was observed in the MAPI absorption region (< 780 nm) 
which may be mainly caused by parasitic absorption of MAPI. A similar behaviour 
was seen in the literature in EQE spectra performed on sub-cells of perovskite/Si 
tandem solar cells (where the silicon cell is positioned at the bottom of the tandem 
device),12 of which an example is shown in Fig. 7.15. Comparing the behaviour of the 
Si sub cell (red curve), it can be noted that this is similar to that obtained by the 
heterostructure devices fabricated in this work, showing main photocurrent between 
780 - 1100 nm in the Si absorption region and a tail corresponding to photoabsorption 
loss by MAPI. The similarity may therefore suggest that the perovskite layer deposited 
on Si in this work acts to decrease the photon intensity that reached the silicon. By 
assuming that the junction between n-Si and MAPI is one-sided in the n-Si, the carrier 
concentration determined by C-V analysis (~1014 - 1015 cm-3 depending on the Si 
resistivity, Table 7.7) corresponds to the Si carrier concentration itself. Therefore, 
these results support the assumption of a one-sided junction but nevertheless, it is not 
clear why an increment of the EQE (%) in the MAPI region using lower Si resistivities 
is observed (Fig.10), if this acts as parasitic absorber. 
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 A further proof of the presence of a junction in the Si (rather than in MAPI) is given 
by the band diagram shown in Fig. 7.12d, where the field is in the n-Si. It may be noted 
that the spike between Si and MAPI’s valence bands is an obstacle for the functioning 
of the device, although this is true only if the electron/hole pair is generated in the Si. 
For example, if the junction was one-sided in MAPI (Fig. 7.12b and c), the spike would 
not cause an obstacle since electrons would drift to Si through the conduction band 
and holes to spiro-OMeTAD through the valence band, forming efficient devices. The 
spike between the valence bands of Si and MAPI is therefore harmful only if the field 
is in the Si which may explain why these devices showed poor performances.  
 
Fig. 7.15. Individual sub-cell EQE spectra (red and burgundy lines) and sum of spectra 
(black, and blue with and without antireflective coatings) of a monolithic Si/perovskite 
tandem device. Graph reproduced with permission from Energy Environ. Sci., ref.12 (R = 
reflectance, AR = antireflective coating, LiF).  
 
 
b) The presence of a two-sided junction was also considered as photon collection was 
observed in both MAPI and Si regions (EQE, Fig. 7.10b). Therefore, it was suggested 
that the current is collected from two materials, both MAPI and Si. The carrier 
concentration measured by C-V analysis showed very similar values compared to the 
known carrier concentration of Si, and by determining the MAPI carrier concentration 
attributed to MAPI almost identical values were obtained (~1014 - 1015 cm-3). Since in 
 233 
 
the literature it is shown that the carrier concentration of MAPI is lower than this (109 
– 1014 cm-3)29 the results obtained by considering the n-Si/MAPI a two-sided junction, 
may not be reliable. Furthermore, the formation of a spike between n-Si and MAPI 
valence bands may block the natural flow of the charges in presence of the electric 
field and therefore the Al/n-Si/MAPI/spiro-OMeTAD/Au devices containing a two-
sided junction may not produce any current.  
 
In conclusion, considering the results obtained by the carrier concentration values 
the one-sided junction situation (a) seems to be more plausible. In addition the parasitic 
absorption of MAPI and the presence of the spike between n-Si and MAPI valence bands 
may explain why these devices did not produce high performances. Nevertheless, as devices 
using the higher doping levels produced higher device efficiencies, it may be speculated that 
the size of this spike was reduced to minimum by using highly doped n-Si wafers (1-5 
Ω·cm), in concordance to the band diagram shown in Fig. 7.12b and c.  
Regarding the p-Si/MAPI devices, the electron transporting material used to block 
the shunting was ZnO, which represented a poor choice for this device architecture for two 
main reasons. First, as shown by the band offsets (Fig. 7.14b), ZnO formed a spike with 
MAPI’s conduction band which is strictly dependent to the doping of ZnO. Smaller spikes 
may be formed using higher doping levels of ZnO, but too high doping levels may produce 
cliffs, which can also be disadvantageous if their size is large. Hence the exact level of the 
doping concentration of ZnO should be studied in order to create favourable band 
alignments. Another electron transporting material that could have been used is TiO2, as it 
was shown in chapter 5 and 6 that it forms an advantageous band alignment with MAPI. 
However, the deposition of TiO2 by spin-coating would require solvents which act to destroy 
the MAPI underneath (as this is a substrate architecture), whereas TiO2 deposition by RF 
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sputtering requires elevated temperatures (~400°C) which would degrade the MAPI as this 
is thermally unstable at T > 100°C. Therefore, ZnO seemed the best choice, as it could be 
sputtered at room temperature. Nevertheless, it is possible that the plasma generated in the 
sputtering kit was harmful to MAPI, and this could have also contributed to the low 
performance of the Au/p-Si/MAPI/ZnO/AZO devices. Further studies are required in order 
to identify if p-Si/MAPI heterojunctions may form working devices and to determine 
whether these heterojunctions are one-sided or two-sided.  
 
 
 
 
7.5. Conclusions 
This chapter presents a work on the fabrication and characterisation of silicon/MAPI 
heterojunctions, a new device structure that was never studied before. This work was a 
fundamental study with the goal of understanding if these heterojunctions may be used as 
solar cell devices in the future. Evolutionary steps in the device fabrication showed that the 
device architecture that produced the highest device performances was the Al/n-
Si/MAPI/spiro-OMeTAD/Au device, where by using a crystalline Si wafer having 
resistivity of 1-5 Ω·cm devices reached a champion device efficiency of 2.08% (VOC = 0.46 
V, JSC = 11.77 mA/cm
2, FF = 38.4%). The formation of a junction was confirmed by EQE 
measurements and it is suggested that n-Si and MAPI form a one-sided junction in the 
silicon. Although the EQE analysis suggests that MAPI acts as a parasitic absorber, its 
presence is needed to overcome the efficiency produced by the simple Al/n-Si/Au devices, 
which produced a PCE of 1.2%, and thus MAPI contributes to the device efficiency. The 
formation of a one-single junction was proven by C-V analysis, from which the carrier 
concentration was determined, this being almost identical to that of Si (~1014 - 1015 cm-3). 
The C-V characterisation also allowed the determination of the built in voltages of these 
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heterojunctions, these being in the range of 0.65 – 0.70 V, revealing that the value of the 
built in voltage is not strongly dependent on the resistivity of the Si used. The effect of using 
n-Si wafers with different doping levels was mainly observed in the PCE, showing that 
higher efficiencies were obtained with higher doping levels of n-Si, which was attributed to 
a decreased size of the spike in the bands between n-Si and MAPI. 
The formation of a junction was investigated also by using p-doped Si with MAPI. 
Au/p-Si/MAPI/ZnO/AZO devices were fabricated and showed rectification and 
photoactivity under AM1.5. However, the device performance obtained was extremely low 
(PCE = 0.02%, VOC = 0.35 V, JSC = 0.40 mA/cm
2, FF = 19.9%), although it is not clear if 
the reason for this is due to the weak junction between p-Si and MAPI or the poor choice of 
the electron transporting material and/or its deposition technique.  
Future work should be focused on the study of p-Si/MAPI heterojunctions by finding 
an optimal electron transporting material which a) can be easily deposited onto MAPI, b) 
does not cause shunting issues and c) produces favourable band alignments with MAPI.  
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8. Discussion  
  
 
 
 
 
 
 
 
 
 
In this thesis, the perovskite materials MAPI and CsPbI2Br were studied to determine 
their properties and to develop photovoltaic devices from them.  
The perovskite thin films were deposited by spin-coating precursor solutions. In 
particular, MAPI thin films were prepared with two spin-coating techniques, these being a 
one-step solution process and a two-step interdiffusion process. The one-step process uses a 
single solution that forms MAPI upon annealing immediately after the spinning. On the 
contrary, the two-step process involves the spinning of two different precursor solutions to 
form methylammonium iodide and lead iodide which form MAPI when they combine. Both 
procedures formed MAPI thin films having similar band gaps (1.57 eV and 1.61 eV for the 
one-step and the two-step processes respectively) with intrinsic doping, having the expected 
tetragonal structure at room temperature and high absorption coefficients (~105 cm-1 in the 
visible region). The main difference observed between the two deposition techniques was 
the uniformity of the films and the crystal size. While the one-step process produced large 
crystals (~500 nm Ø) and numerous pin-holes, the two-step process showed smaller crystals 
(~100 nm Ø) but higher uniformity. This difference is likely to reflect the fundamental 
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difference between the two film formation mechanisms – in the case of one-step growth the 
film forms directly by crystallisation from the solvent whereas in the two-step process the 
two component iodides must diffuse together in order to form the film. 
However, the quality of the one-step processed films was significantly improved by 
using toluene as an anti-solvent.  It was observed that with the toluene treatment the size of 
the crystals decreased from ~500 to ~100 nm Ø and formed highly uniform films. The reason 
for this is likely to be that MAPI is insoluble or at least less soluble in toluene than in DMF. 
Hence as toluene is added it displaces the DMF and hence the MAPI increases in 
concentration in each remaining solvent droplet. In this way the supersaturation necessary 
for the nucleation of crystal formation is encouraged. Since the grain size is smaller it may 
be inferred that the density of nucleation sites is increased. Moreover, this high density of 
nucleation points generates more uniform coverage and highly compact films without 
pinholes. Overall, although the grain size is reduced, the coverage is improved which on 
balance might be expected to be beneficial for photovoltaic devices. 
These MAPI films were subsequently used for the fabrication of devices using the 
n-i-p structure most widely reported in the literature, i.e. glass/ITO/TiO2/MAPI/spiro-
OMeTAD/Au. With this configuration the champion devices made in this work showed 
9.36% PCE (VOC = 0.92 V, JSC = 20.23 mA/cm
2, FF = 50.3%) and 8.45% PCE (VOC = 0.98 
V, JSC = 16.57 mA/cm
2, FF = 52.1%), for the one-step process (with anti-solvent treatment) 
and the two-step process respectively. Therefore, similar device performances were 
achieved by using the two deposition techniques. Nevertheless, the two sets of devices aged 
differently. In particular, for the two-step material only, an increase in the efficiency of the 
devices was recorded by ageing the devices for 24 hours in a desiccator (RH < 15%, ambient 
light). This reached a maximum of 11.8% PCE (VOC = 1 V, JSC = 20.87 mA/cm
2, FF = 
56.5%). Although the exact cause of this was not investigated, it is suggested that this 
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improvement of PCE was due to the time spent in the environmental conditions of the 
desiccator. For example, beneficial oxidation processes may have been involved in the spiro-
OMeTAD, increasing the conductivity of the hole transporting material. Overall though, the 
efficiencies of the MAPI devices presented in this work were lower than the record for MAPI 
devices presented at the time of this study (2015), which had reached a maximum of ~18% 
PCE.1 By this time there were already dozens of laboratories working on perovskite PV and 
the difference between the value obtained in this work and the 2015 record probably reflects 
the relative levels of effort expended on device development, which may be related to the 
differences in materials quality arising from details of the solution processing in the 
preparation of the MAPI and the electron and hole transporting materials which might also 
have been optimised empirically in this work. While the effects of such optimisation are 
generally difficult to specify, it is possible to be specific in occasional cases. For example, 
in the case of the two-step MAPI, the reduced efficiency may be related specifically to the 
presence of unreacted PbI2 precursor. Therefore optimisation of the concentration of the 
precursor solutions may improve the device performance.5 At the time of writing this thesis 
perovskite solar cells achieved up to ~22%,2–4 however it should be considered that these 
highly efficient devices did not use MAPI, but rather mixed cation/halide compounds and 
therefore it is not possible to make a direct comparison. 
The fully inorganic perovskite CsPbI2Br was deposited by spin-coating using a one-
step process only. The annealing temperature was optimised, and achieved the highest 
crystallinity when the layers were heated at 350°C. The material showed an optical band gap 
of 1.92 eV in agreement with literature values,6 intrinsic doping properties, a high absorption 
coefficient (~105 cm-1) and a dark cubic phase. The films comprised crystals up to 2 μm Ø, 
with few pin-holes visible on the surface. Although the relatively large band gap of these 
material makes them more useful in tandem solar cells, single junction devices were 
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fabricated using the same architecture adopted for MAPI, i.e. 
glass/ITO/TiO2/CsPbI2Br/spiro-OMeTAD/Au. With this configuration devices produced an 
efficiency of 9.1% (VOC = 1.05 V, JSC = 12.68 mA/cm
2 and FF = 60.2%), which, at the time 
this work was performed, was comparable to the world record device made from this 
material, reported by Sutton et al. in 2016 (9.8%).6 Subsequently, however, a new record of 
14.78% PCE was achieved by Yin et al. in 2018.7 
The devices made from both MAPI and CsPbI2Br all showed hysteresis. This was 
measured as giving 2 percentage points in PCE difference between forward and reverse 
scans for CsPbI2Br devices, and 4.20 and 1.65 percentage point differences for the one- and 
two-step MAPI devices respectively. This is a severe level of hysteresis, but comparable to 
that reported by other workers for perovskite solar cells.8 There are many reports of 
hysteresis and it has been linked to many factors, including the choice of solar cell structure 
and materials, the preparation conditions of the materials, the film thicknesses, and the scan 
rate used during the measurement.8 Physical processes such as ion migration and charge 
accumulation have been invoked. It has been shown that by using different hole and electron 
transporting materials the hysteresis may be decreased. For example, by employing the p-i-
n device architecture (rather than n-i-p structures) the hysteresis effect can be drastically 
decreased.9 The reason for this is that in the p-i-n structure the materials used as hole and 
electron transporting materials at the heterointerfaces with MAPI confer benefits. For 
example, PCBM, commonly used as electron transporter, becomes doped by MAPI from the 
interface and therefore its conductivity is increased. This has the effect of eliminating charge 
accumulation resulting from ion migration. In addition, by using fullerene (C60, used as 
interfacial selective electron transporter material in p-i-n devices) it is believed that trap 
states are passivated, either by blocking the ion migration phenomenon or simply by 
extracting the electrons more efficiently due to its high conductivity.10  
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Further comparison between MAPI and CsPbI2Br devices arises from considering 
the influence of the thickness of the electron transporting material on the device 
performance. It was observed that both one-step process MAPI and CsPbI2Br (which is also 
a one-step process) yielded higher device performances when only 50 nm of TiO2 were 
employed. On the contrary, the two-step process MAPI devices showed higher efficiency 
using thicker TiO2 layers (~100 nm). The principal difference between one- and two-step 
films is that the latter requires interdiffusion of methylammonium iodide with lead iodide to 
form the films, whereas one-step processing does not. Hence it is possible that the two-step 
films contain unreacted lead iodide and that this somehow requires thicker TiO2 in order to 
achieve the best device performance. Therefore it may be suggested that while thinner TiO2 
layers act to generally positively affect the performances of the solar cells, the PbI2 residues 
present in the MAPI prepared with the two-step process may adversely influence the 
performance. For example, it was seen that devices using MAPI with high levels of 
impurities of PbI2, show poorer electron injection.
5 Since the 100 nm TiO2 layer comprises 
two differently TiO2 layers (with the most concentrated being at the interface with MAPI), 
the resulting materials profile may improve the electric drift toward the contact balancing 
the poorer electron injection from MAPI toward TiO2, caused by the unreacted PbI2. On the 
contrary the benefits of thin TiO2 (in one-step processed devices) may have an explanation 
in the minimisation of optical absorption in the TiO2 or else the minimisation of series 
resistance loss. 
Chapters 5 and 6 presented studies of the stability of the perovskite materials. Initial  
studies of MAPI showed that films prepared using a two-step process produced more stable 
layers compared to those prepared with the one-step process, but nevertheless the triggering 
factors for degradation were identical for both, and were UV in combination with oxygen. 
The reason why the two-step processed MAPI showed higher stability, may be related to its 
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highly compact films which may have protected against the infiltration of oxygen into the 
films through voids and grain boundaries. Yet more importantly, significant differences 
were observed between the stabilities of MAPI and CsPbI2Br films – which has a 
consequence for devices. Although MAPI and CsPbI2Br are both perovskite materials, their 
stabilities differ. Their main aspects are compared in Table 8.1 which shows the degradation 
conditions used on the perovskite layers and their main effects on both MAPI and CsPbI2Br.  
Degradation conditions: MAPI CsPbI2Br 
“UV/O3” 
The structure completely changes in 
only 19 minutes. 
After 54 minutes no changes were 
detected. 
“UV/N2” UV exposure changes the structure. 
UV exposure produces only small 
changes to the structure. 
“Dark/air” 
Oxygen or humidity alone do not 
affect the structure. 
Humidity produces changes 
immediately. 
“Desiccator” 
Ambient light and oxygen combined 
produce changes in the structure. 
No changes are produced by 
oxygen or ambient light. 
Table 8.1. Degradation conditions and their effect on MAPI and CsPbI2Br, after one month 
exposure (except for UV/O3 which lasted for 19 minutes and 54 minutes for MAPI and 
CsPbI2Br respectively).   
 
Overall, Table 8.1 shows that in this study MAPI degradation was observed in films 
exposed to UV light and oxygen together, while in the case of CsPbI2Br degradation 
occurred in presence of water vapour. For MAPI, the findings for UV and oxygen are 
confirmed in the literature, but there are additional reports published that also implicate 
water vapour as a degrading factor.11,12 In this work maximum humidity values used were 
in the range of 40 - 60% RH, which is relatively low. Hence it is possible that this 
phenomenon was not observed here due to the choice of low-humidity environments. This 
could imply that there is a minimum threshold for water vapour to make a contribution to 
degradation.  
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Nevertheless it is important to mention that the mechanism of degradation of 
CsPbI2Br with water is intrinsically different from that of MAPI. In the case of MAPI, both 
UV/oxygen and water degradation affect the chemical composition, transforming the MAPI 
irreversibly into its precursors (PbI2, MAI) and other by-products (CH3NH2, I2, HI, H2O).
13 
On the contrary, for CsPbI2Br the water acts by changing the crystalline structure from a 
cubic to a yellow orthorhombic phase, but there is no chemical reaction with water. Instead 
water triggers a phase transition. The advantage of being only a phase transition (and not a 
chemical transformation) is that this process is reversible. The effectiveness of the CsPbI2Br 
recovery was demonstrated on thin films and on devices: by exposing the orthorhombic 
phase to heat, the cubic structure was re-established and in the case of devices these regained 
up to 115% of their original efficiency. At room temperature the stable phase of CsPbI2Br 
is orthorhombic (a wide gap yellow phase) while the dark cubic phase of CsPbI2Br that is 
useful for PV is only metastable at room temperature. Water triggers the metastable dark 
cubic phase to transform to the room temperature stable yellow phase, while heating to 
above the transition temperature recovers the brown phase. A similar metastable behaviour 
was observed also for CsPbI3 (pure iodine compound),
14 but this was not found to be caused 
by water vapour.  
Since, contrarily to the case for MAPI, UV and low humidity air do not harm 
CsPbI2Br, it may be suggested that CsPbI2Br is more resistant to illumination and hence 
more suitable for the fabrication of solar cells – providing of course that adequate 
encapsulation is employed to protect against water vapour. Overall, stability is a significant 
issue for both hybrid and all-inorganic materials for use in photovoltaics. The requirements 
for stability are very stringent since the design life of solar photovoltaic modules for use in 
all outdoor environments is 25 – 30 years. 
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The perovskite materials explored in this thesis were also used for the fabrication of 
heterostructures with silicon, with the intent of fabricating a new solar cell device. However, 
the rapid phase transition of CsPbI2Br in highly humid air made trials with this impractical. 
Therefore, MAPI was preferred, and in particular the one-step process was favoured because 
for its ease of deposition onto silicon. Both n-doped and p-doped silicon wafers were used, 
and MAPI was directly deposited onto the silicon surface. Since these MAPI films contained 
numerous pin-holes, “pin-hole blockers” were used to avoid shunting, these being spiro-
OMeTAD and ZnO for n-Si/MAPI and p-Si/MAPI devices respectively, forming the 
following devices: Al/n-Si/MAPI/spiro-OMeTAD/Au and Au/p-Si/MAPI/ZnO/AZO 
devices.  
Al/n-Si/MAPI/spiro-OMeTAD/Au devices showed rectification and photoactivity 
under illumination: by using highly doped silicon (1-5 Ω·cm) devices achieved a hysteresis-
free champion PCE of 2.1% % (VOC = 0.46 V, JSC = 11.77 mA/cm
2, FF = 38.4%). The 
negligible hysteresis of these devices may be due to the absence of the TiO2 transporting 
material, suggesting that TiO2 may make a significant contribution to the mechanism of 
hysteresis in n-i-p perovskite devices. By analysing the n-Si/MAPI junction it was 
determined that a one-sided junction was formed, this being in the silicon, and that MAPI 
performed only as a parasitic light absorber rather than a positive contributor to 
photocurrent. This assumption was made since the EQE analysis showed photon collection 
in the silicon and only very little in the MAPI absorption regions. The reason why a single 
junction is formed, is related to the carrier concentration of the two materials involved in the 
junction. If the materials (i.e. MAPI and n-silicon) show a difference in the carrier 
concentration of at least two orders of magnitude, then the junction is one-sided. Considering 
that in the champion devices the carrier concentration of the silicon was of 1015 cm-3 (1-5 
Ω·cm), the carrier concentration of the MAPI must be ≤ 1013 cm-3 or ≥ 1017 cm-3. Since in 
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the literature the carrier concentration of MAPI is shown to be in the range 109 - 1014 cm-
3,15,16 the first option (≤ 1013 cm-3) would seem more plausible, however since one-sided 
junctions are typically located in the less conductive side, it is implied that the MAPI having 
higher carrier concentration (≥ 1017 cm-3) is a more realistic possibility. Although this 
situation may seems to disagree with the carrier concentration of MAPI presented in the 
literature,15,16 researchers have shown that MAPI’s carrier concentration strictly depends on 
the solution and film preparation, indicating that a high carrier concentration (≥ 1014 cm-3) 
may exist.17 
In order to form a two-sided junction the carrier concentration of MAPI and/or 
silicon would require to be of similar values (i.e. less than two orders of magnitude 
difference).18 For instance, considering the carrier concentration of the silicon being still 
1015 cm-3, by using MAPI with carrier concentration between 1013 cm-3 and 1015 cm-3 a two-
sided junction should form: absorption and hole/electron collection would derive from both 
materials, and maybe improve the device performance.  
Structures on p-silicon were also investigated. Au/p-Si/MAPI/ZnO/AZO devices 
showed rectification, revealing that a junction between p-Si and MAPI is formed, but no 
photoactivity was recorded. The study of the junction requires more work to determine if 
the absent photoactivity is due to the p-Si/MAPI junction itself or due to a poor choice of 
the electron transporting material: both band alignment and deposition methods do not 
favour the ZnO combination with MAPI. For example, an organic electron transporting 
material such as PCBM may be used, since it has shown to be electrically compatible with 
MAPI and because its deposition may be performed on MAPI’s surface.19
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9.  Conclusion and future work  
 
 
 
 
 
 
 
 
 
 
 
 
 
In this thesis, hybrid and inorganic plumbo halide MAPI and CsPbI2Br perovskites 
were studied. Their films were prepared, evaluated for stability and then used for the 
fabrication of perovskite solar cell devices, using the most common n-i-p device architecture 
known in literature and a new device heterojunction with silicon.  
In chapter 5, MAPI thin films deposited with a one-step and a two-step solution 
process were utilised for the film characterisation, stability tests and then further employed 
for the fabrication of solar cells. While both deposition methods produced MAPI thin films 
with properties agreeing to those presented in the literature, the crystallinity of the films was 
considerably better in the case of two-step deposition processed MAPI. However, an anti-
solvent treatment performed with toluene on the one-step process films was demonstrated 
to improve the coverage and crystallinity of the films. Nevertheless, these films produced 
poorly performing devices. Using the glass/ITO/TiO2/MAPI/spiro-OMeTAD/Au device 
architecture, the highest PCE was achieved by the one-step process MAPI films treated with 
anti-solvent (9.4%). Moreover, the two-step process deposited MAPI device measured after 
24 hours of ageing achieved 11.8% PCE. However, in the literature numerous reports were 
published, showing higher device performances using the same device architectures,1 which 
 251 
 
reveal that additional improvement on the perovskite material and deposition should be 
done.  
The stability of the MAPI thin films was also investigated. When this work was 
ongoing, this was a current and rapidly evolving topic for research. Although unpublished, 
the results obtained are similar to those presented in the literature. MAPI films were exposed 
to different degradation conditions for different amounts of time and then analysed. It was 
found that MAPI was particularly sensitive towards two factors: UV light and oxygen. 
However, these did not individually affect the MAPI structure, whereas their combination 
did. In the literature this behaviour was confimred,2 however it was also shown that MAPI 
is unstable towards water,3 a factor that was not revealed in this work. The main reason of 
this, may be due to the adoption here of degradation factors involving weakly humid 
environments. 
Since MAPI has shown precarious stability toward ambient environments, numerous 
research groups have been focused on the change in the perovskite with the aim to form a 
highly stable and efficient material. The fully inorganic CsPbI2Br compound, for example, 
has been proposed as an all-inorganic alternative with environmental stability possibly 
exceeding that of hybrid organic-inorganic perovskites. This was explored in chapter 6. 
CsPbI2Br thin films were prepared using a solution processing technique and then 
characterised in order to verify formation of the compound. The material had a band gap of 
1.92 eV and the cubic perovskite phase and the films were adopted for the fabrication of n-
i-p solar cells. Using the structure glass/ITO/TiO2/CsPbI2Br/spiro-OMeTAD/Au, device 
with champion efficiency of 9.1% were fabricated in this work. Although these presented 
significant hysteresis, the device performances were comparable to the world record device 
efficiency (9.8%, Sutton et al.).4 Recent work by other authors however, showed further 
increases in PCE for this material, achieving 14.78%.5 
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A rather important finding in chapter 6, relates to the stability of the CsPbI2Br thin 
films and devices. By adopting the same degradation environments used for testing MAPI, 
the CsPbI2Br was shown to have great sensitivity towards water vapour. While UV light and 
oxygen did not produce any significant change in the material’s structure, air humidity 
produced immediate effects in the CsPbI2Br, visibly recognisable by the change in colour of 
the films changing from brown to yellow. However, these studies showed that water does 
not chemically interact with CsPbI2Br, but rather it promotes a phase transition (from cubic 
to orthorhombic). Unlike the case of the chemical degradation of MAPI, this phase transition 
is reversible. Therefore, both films and devices could be recovered by heating. In particular, 
the devices could regain up to 115% of their original PCE.  
Although this material has shown poor stability towards water, easy protection could 
be applied in practice. For example, effective encapsulation may protect devices form water 
and permit their functionality for long periods of time. However, the large band gap of 
CsPbI2Br makes them more suitable for tandem applications (both silicon/perovskite and 
perovskite/perovskite tandems). Future work should therefore be aimed at fabricating such 
tandem devices.  
Chapter 7 presented a study on the fabrication of MAPI/silicon heterojunctions. In 
the literature a vast number of works have been published on the fabrication of tandem solar 
cells, however no work presented a direct heterojunction between silicon and MAPI. Here, 
silicon/MAPI devices were fabricated. Since their fabrication was new, most of the effort 
was given to the optimisation of the device architecture, leading to Al/n-Si/MAPI/spiro-
OMeTAD/Au and Au/p-Si/MAPI/ZnO/AZO devices.  
Particular attention was given to the Al/n-Si/MAPI/spiro-OMeTAD/Au devices, 
which achieved a PCE of 2.1%. However, by analysing these devices carefully it was 
discovered that n-Si and MAPI formed a one-sided junction in the silicon, where MAPI only 
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acted as a parasitic absorber and did not contribute to the photocurrent. Hence, additional 
work should be performed on changing the doping concentration of MAPI and of the silicon 
in order to form a two-sided junction device and maybe improving the device efficiency.  
Regarding the p-doped silicon and its device comprising Au/p-Si/MAPI/ZnO/AZO, 
no significant photoactivity was recorded under illumination. However, rectification was 
observed. Additional work should be carried out in order to identify if the lack of 
photoactivity was related to the junction p-Si/MAPI or the choice of the electron transporting 
material, ZnO, which was sputtered, a process that could damage the MAPI. For example, 
other electron transporters may be employed that do not affect the MAPI on which they are 
deposited. Moreover, interface studies could be used to determine if the transporter creates 
shunting issues.  
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